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Abstract  Practical training is a cornerstone in developing the professional competencies of pre-service chemistry 
teachers, yet traditional laboratory instruction faces persistent challenges, including high operational costs, chemical 
safety risks, and limited opportunities for repetitive practice. To address these barriers, this study proposes a 
systematic five-step framework for designing Augmented Reality (AR) laboratories specifically tailored for teacher 
education: (1) Pedagogical Needs and Content Analysis, (2) Scripting and 3D Modeling, (3) Technology 
Development and Integration, (4) Pre-deployment Alpha Testing, and (5) Pedagogical Beta Evaluation. The 
framework's effectiveness was validated through a pedagogical experiment conducted at a public teacher education 
university, involving 60 third-year pre-service chemistry teachers (n = 30 for both experimental and control groups). 
Focused on "Essential Oil Extraction" via steam distillation, this AR-assisted environment integrates scientific data 
overlays and real-time interaction systems, allowing students to visualize abstract concepts such as phase transitions 
and steam transport mechanisms. Experimental results indicated that students using the AR framework achieved a 
15% higher improvement in practical psychomotor skills and a 10% increase in safety awareness compared to the 
control group. Furthermore, qualitative feedback highlighted high student satisfaction (4.5/5.0) due to the ability to 
practice complex procedures in a risk-free environment. These findings confirm that the proposed framework 
provides a robust, scalable foundation for modernizing chemistry laboratory instruction through digital 
transformation. 
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1. Introduction 

Practical training is a cornerstone in developing the 
professional competencies of pre-service chemistry 
teachers, as it enables them to bridge the gap between 
theoretical knowledge and hands-on operational skills [1]. 
Mastery of experimental techniques not only builds 
confidence and proficiency but also fosters "Pedagogical 
Content Knowledge" (PCK) - the essential ability for 
future educators to anticipate safety hazards, scientifically 
explain complex phenomena, and effectively guide their 
students [2,3]. However, traditional laboratory instruction 
faces persistent and significant challenges [4]. Operating a 
conventional laboratory requires substantial investment in 
chemicals, equipment, and maintenance, while inherent 
risks such as chemical toxicity and potential fire or 
explosion hazards remain constant concerns for learners 
[5,6]. Furthermore, spatial and temporal constraints often 
prevent students from repetitively practicing complex or 
hazardous procedures at their own discretion [7]. 

To address these barriers, the integration of Augmented 
Reality (AR) technology has emerged as a progressive 
educational trend [8,9]. AR is characterized by its ability 
to blend the real and virtual worlds in real-time, allowing 
digital information - such as 3D models and instructions - 
to be overlaid onto the physical environment [10]. The 
seamless integration of the physical laboratory space with 
intuitive digital interfaces is specifically illustrated in 
Figure 1, which demonstrates a conceptual AR chemistry 
laboratory environment where abstract scientific data and 
interactive tools are accessible directly within the 
workspace. In such an environment, AR facilitates the 
visualization of 'invisible' concepts, such as molecular 
structures and reaction mechanisms, while providing a 
risk-free space for students to perform hazardous 
experiments without the use of physical chemicals [11]. 

 
Figure 1. Conceptual visualization of an AR chemistry laboratory 
environment with integrated digital interfaces (Original diagram 
developed by the authors using the Unity engine for this study) 

Despite the well-documented efficacy of AR, a critical 
research gap remains. Most existing AR laboratory models 
[12], such as Labster or projects utilizing the Wikitude 
Software Development Kit (SDK), often focus on 
standalone applications or general instructional design 
models like Analysis, Design, Development, 

Implementation, and Evaluation (ADDIE) [13]. 
While the ADDIE model provides a fundamental 

instructional baseline, its generalized nature often 
overlooks the iterative technical and pedagogical 
calibration required for immersive technologies. 
Specifically, traditional models do not sufficiently account 
for the transition from conceptual scripting to 3D 
modeling and the dual-layer testing—comprising both 
technical alpha-testing and pedagogical beta-evaluation—
that is essential for high-fidelity chemical simulations. 
Consequently, there is a clear need for a more specialized 
framework that bridges the gap between general 
instructional design and the specific professional 
requirements of teacher education.  

In the Vietnamese context, initial research has primarily 
focused on testing specific experiments rather than 
establishing a standardized framework. Pre-service 
teachers require not only content knowledge but also the 
pedagogical skills to organize and manage technology-
enhanced classrooms - a necessity that current literature 
has yet to fully address [14]. 

Consequently, the primary objective of this study is to 
bridge this gap by developing a systematic, five-step 
design framework for AR-enhanced chemistry 
laboratories specifically tailored for teacher training. This 
framework provides a standardized, logical, and feasible 
process ranging from initial needs analysis to pedagogical 
evaluation.  

To guide the development and validation of this 
proposed framework, the research seeks to answer the 
following questions:  

(1) What are the fundamental pedagogical and technical 
requirements for an effective AR laboratory in teacher 
education?  

(2) How can a systematic framework be structured to 
ensure scientific accuracy and safety?  

(3) To what extent does this framework enhance the 
practical competencies and safety awareness of pre-
service chemistry teachers compared to traditional 
methods? 

2. Research Methodology 

This study employs theoretical research methods to 
establish a robust scientific foundation for the proposed 
framework [15]. Specifically, analytic and synthetic 
techniques were applied to review specialized literature on 
AR [16,17], chemical education theories - particularly 
practical pedagogy - and existing instructional design 
models [18]. This phase resulted in the definition of core 
concepts, the establishment of theoretical bases for AR 
integration, and the drafting of the initial design framework. 
Concurrently, a contextual needs survey was conducted at 
chemistry teacher education institutions using structured 
questionnaires. The goal was to collect quantitative data on 
the practical demand for AR applications and to assess the 
digital literacy and experiences of faculty and students 
regarding technological tools in practical training, ensuring 
the framework's relevance to the Vietnamese educational 
context. 

Following the initial framework development, an expert 
consultation method was implemented to ensure academic 
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rigor, pedagogical soundness, and feasibility. A purposive 
sample of experts was selected, comprising experienced 
chemistry professors in teacher training and leading 
specialists in educational technology and AR development. 
Consultations were conducted via questionnaires and 
semi-structured interviews, focusing on evaluating the 
appropriateness of design principles (e.g., pedagogical, 
safety, and interactivity principles), evaluation criteria 
(e.g., intuitiveness, usability, and scientific accuracy), and 
refining the detailed steps of the proposed process. 
Qualitative data from these experts were analyzed to 
iteratively refine the final design framework prior to field 
testing. 

To evaluate the feasibility and educational efficacy of 
the standardized design framework, a pedagogical 
experiment was conducted through a structured three-
stage process. First, in the Prototype Development stage, 
the proposed five-step framework was applied to design 
and develop a representative AR laboratory module 
focused on "Essential Oil Extraction" via steam 
distillation [19]. This case study served as a functional 
prototype to validate the framework's design principles. 
Second, during the Implementation phase, the prototype 
was deployed with a cohort of third-year pre-service 
chemistry teachers selected through convenience sampling. 
The participants were divided into an experimental group, 
which utilized the AR-assisted laboratory environment, 
and a control group, which performed the same 
experiment using traditional laboratory methods. Finally, 
the Evaluation stage employed a mixed-methods approach 
to collect and analyze data. Quantitative instruments, 
including Likert-scale interest surveys, attitude scales, and 
pre- and post-tests on practical skills and theoretical 
knowledge, were combined with qualitative measures 
such as in-depth student interviews and systematic 
classroom observations of student-technology interactions. 
Statistical analyses were performed to identify significant 
differences between the two groups regarding learning 
performance, experimental proficiency, and user 
satisfaction, providing an empirical basis to confirm the 
framework's capacity to enhance the quality of practical 
chemistry teacher training. 

3. Results and Discussion 

Based on the theoretical foundation and expert 
consultations, this study established a set of core design 
principles and specific criteria to ensure the efficacy and 
pedagogical integrity of the AR laboratory in pre-service 
chemistry teacher education. These principles include: (1) 
Domain-specific Pedagogy, ensuring that AR content 
aligns with teacher training objectives and facilitates the 
visualization of abstract chemical concepts; (2) High 
Interactivity, emphasizing that students must be able to 

manipulate virtual objects and receive instantaneous 
feedback to construct practical experience; (3) Safety and 
Cost-efficiency, highlighting AR’s primary advantages 
over traditional laboratories; and (4) Usability, ensuring an 
intuitive interface with minimal technical requirements so 
that students can focus on the learning content [20]. The 
user interface (UI) within the AR environment not only 
supports virtual physical manipulations but also integrates 
a real-time safety alert system, enabling students to 
identify hazards immediately upon any procedural 
deviation (Figure 2). 

 
Figure 2. User interface demonstrating real-time interaction and safety 
warning systems during a virtual chemical procedure (Original interface 
design and screenshot from the authors' AR application) 

In addition to the core principles, a comprehensive set 
of detailed design criteria was categorized into three 
primary groups (Table 1). For instance, within the 
Technical Criteria group, high fidelity is mandatory; 3D 
models must maintain a scientific accuracy with less than 
a 5% dimensional deviation from real-world lab 
equipment, and tracking stability must be ensured with a 
minimum frame rate of 30 FPS (frames per second) to 
prevent motion lag and user discomfort [21,22]. 

The Pedagogical Criteria group focuses on the 
integration of error/safety warning functions and 
automated logging features to record and evaluate students’ 
procedural manipulations. Adherence to these rigorous 
principles and criteria is essential to ensure that the 
proposed design framework provides significant "added 
value" to the learning experience, distinguishing it from 
conventional, non-interactive simulation tools [23]. 

The study proposes a systematic, five-step design 
framework for AR chemistry laboratories [35], strictly 
adhering to the core principles and criteria outlined in 
Table 1. The detailed architecture of this framework - 
ranging from the initial needs analysis to pedagogical 
evaluation and iterative refinement - is schematically 
illustrated in Figure 3. 

Table 1. Design Criteria for AR Chemistry Laboratories in Pre-service Teacher Education 

Category Specific Criteria Technical/Pedagogical Requirements 

Technical 

Modeling Accuracy Geometric deviation of 3D apparatus and instruments must 
be below 5% compared to real-world counterparts [24,25]. 

System Performance Maintain a frame rate above 30 FPS to ensure smooth 
motion and prevent ocular fatigue [26]. 

Tracking Stability Highly responsive object/marker recognition with low 
latency, even under fluctuating lighting conditions [27,28]. 
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Category Specific Criteria Technical/Pedagogical Requirements 

Pedagogical 

Physical Interaction 
Enable interactive manipulations such as pouring solutions, 

adjusting temperature, and mixing substances with 
instantaneous feedback [29,30]. 

Self-directed Learning Support Integrate step-by-step guidance systems and real-time 
error/hazard alerts during experimental procedures [31]. 

Competency Assessment 
Incorporate automated logging of student procedures to 

allow instructors to evaluate psychomotor and operational 
skills [32]. 

Chemical 

Scientific Authenticity 
Chemical phenomena (color changes, precipitation, 

evaporation) must be accurately simulated according to 
professional scientific scripts [33]. 

Laboratory Safety 
Simulate hazardous reactions, explosions, or the use of 
toxic solvents to provide risk-free experiential learning 

[34]. 

 

 
Figure 3. Schematic Representation of the Proposed Five-Step 
Framework for Designing Pedagogical AR Laboratories 

Step 1: Needs and Content Analysis 
This foundational stage of the framework focuses on 

identifying specific training objectives, selecting the 
experimental content for simulation, and defining the 
technical requirements for the target users, specifically 
pre-service chemistry teachers. Within this initial phase, 
content selection transcends mere preference and is 
instead governed by three core criteria essential for an 
effective AR laboratory. First, the identification of 
cognitive barriers involves analyzing abstract concepts 
that students typically struggle to grasp in traditional 
settings [36]; for instance, in the "Essential Oil Extraction" 
module, phase transitions and steam transport mechanisms 
represent "invisible" processes ideally suited for AR-
enhanced graphical visualization. Second, a 
comprehensive risk and resource assessment is conducted 
to prioritize experiments characterized by high safety 
demands - such as those involving potential explosions or 
toxic chemicals - as well as those requiring prolonged 
durations or expensive equipment. Digitizing safety 
protocols via AR allows students to master standardized 
procedures in a risk-free environment prior to handling 
physical apparatus [37]. Finally, through competency 
mapping, the framework defines the specific psychomotor 
skills and PCK targeted for development, which in this 
study focuses on optimizing the assembly of distillation 
systems and the precision of temperature control. 
Step 2: Scripting and 3D Modeling 

The second stage of the framework involves translating 
pedagogical objectives into an interactive digital 
environment, focusing on the synergy between scientific 
accuracy and user experience. This process begins with 
multilayered interaction scripting; rather than following a 

linear progression, the script is designed to provide real-
time responses to student actions, such as pouring 
solutions, adjusting temperatures, or mixing reagents [38]. 
Crucially, any procedural error triggers a corresponding 
pedagogical feedback or safety alert to reinforce correct 
laboratory practices. Simultaneously, the framework 
emphasizes scientific-grade 3D modeling, where 
laboratory apparatus (e.g., distillation flasks, condensers) 
and chemical reagents are rendered with a geometric 
deviation of less than 5% compared to their real-world 
counterparts. This high level of fidelity ensures that 
students develop spatial estimation skills equivalent to 
those required in a physical laboratory. Finally, the 
integration of scientific data overlays allows for the 
visualization of quantitative data (such as concentration, 
temperature, and pressure) and the simulation of 
"microscopic" chemical phenomena, including diffusion 
and phase transitions, directly onto the physical 
environment. These overlays are essential for helping pre-
service teachers bridge the gap between observable 
phenomena and the underlying chemical principles 
(Figure 4). 

 
Figure 4. Proposed Framework for Integrating Interaction Scripts and 
Scientific Data Overlays in AR Development 

Step 3: AR Technology Development and Integration 
The third stage focuses on materializing the 3D models 

and interaction scripts into a functional digital 
environment optimized for mobile devices [39]. This 
technical phase is subdivided into four critical components. 
First, development platform selection involves utilizing 
robust engines such as Unity in conjunction with 
specialized AR Software Development Kits (e.g., AR 
Foundation, Vuforia). These platforms ensure cross-
device compatibility and high-performance rendering, 
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maintaining a frame rate above 30 FPS to mitigate ocular 
fatigue. Second, the implementation of tracking and 
recognition mechanisms utilizes both marker-based and 
markerless AR algorithms to anchor virtual laboratory 
apparatus firmly within the physical workspace [40]. 
Tracking stability is prioritized to minimize latency, 
ensuring that complex manipulations such as "pouring" or 
"assembling" feel intuitive and authentic. i  Third, the 
integration of real-time feedback systems involves 
programming chemical simulation algorithms that 
calculate and immediately visualize phenomena - such as 
color changes, precipitation, or vaporization - in response 
to student inputs [41]. Concurrently, quantitative data 
overlays for temperature and concentration are embedded 
to provide continuous analytical insights throughout the 
procedure. Finally, intelligent safety warning modules are 
integrated to monitor procedural compliance. These 
systems are designed to detect early-stage errors (e.g., 
heating a distillation flask without an attached condenser) 
and trigger immediate hazard alerts on the user's screen or 
wearable device, reinforcing safe laboratory practices 
through proactive digital intervention.ii 
Step 4: Pre-deployment Testing (Alpha Phase) 

Prior to large-scale implementation, the framework 
mandates a rigorous internal testing phase to ensure the 
AR application meets all technical standards and academic 
safety requirements. This stage begins with a technical 
stability audit, which involves debugging, cross-platform 
compatibility testing across various mobile devices, and 
assessing tracking stability under fluctuating laboratory 
lighting conditions. The primary goal is to maintain a 
consistent performance above 30 FPS to prevent any 
disruption in the user experience [42]. 

Simultaneously, the framework incorporates content 
accuracy validation, where a small panel of experienced 
chemistry faculty members interacts with the module to 
verify the fidelity of simulated phenomena - such as 
evaporation rates and color transitions - against 
established experimental benchmarks. During this phase, 
the geometric deviation of 3D apparatus is strictly 
monitored to remain below the 5% threshold [43]. 
Furthermore, a preliminary usability assessment is 
conducted through rapid interviews and direct 
observations of a small target user group to evaluate 
interface intuitiveness and the efficacy of real-time safety 
alerts. Finally, the process concludes with a technical 
refinement loop, where data from the Alpha Test is used to 
immediately rectify any errors in virtual physical 
interactions - such as imprecise liquid pouring or data 
visualization discrepancies—ensuring the system is fully 
optimized for the subsequent pedagogical experiment 
(Beta Test). 
Step 5: Pedagogical Evaluation and Refinement 

The final stage of the framework consists of  
the formal pedagogical evaluation (Beta Test/Pedagogical 
Experiment) to assess learning outcomes and 
instructional efficacy. During this phase, comprehensive 
data collected from the implementation - as detailed 
bellow - are systematically analyzed to provide an 
empirical basis for final adjustments. These findings are 
used to iteratively refine the interaction scripts, 3D 
models, and the user interface. This critical step ensures 
that the design process is not merely a linear sequence 

but a continuous improvement loop, guaranteeing that the 
final AR laboratory module is both scientifically 
rigorous and pedagogically optimized for chemistry 
teacher education [44]. 

To evaluate the effectiveness of the proposed five-step 
AR framework, a pedagogical experiment was conducted 
at the Department of Chemistry, Vinh University 
(Vietnam) during the 2024-2025 academic year. The study 
involved a sample of 60 third-year pre-service chemistry 
teachers, who were randomly assigned into two equal 
groups: an experimental group (n = 30) and a control 
group (n = 30). The experimental group performed the 
"Essential Oil Extraction" experiment using the AR-
assisted laboratory environment developed under the 
proposed framework, while the control group followed the 
traditional hands-on laboratory protocol. Both groups 
were assessed based on pre-test and post-test scores to 
measure improvements in psychomotor skills and safety 
awareness. 

The implementation of the pedagogical experimentation, 
centered on the “Essential Oil Extraction” experiment,iii 
offered empirical evidence regarding the feasibility and 
efficacy of the proposed design framework. As illustrated 
in Figure 5, pre-service teachers performed the extraction 
protocol through an AR-assisted interface, which 
facilitated the standardization of technical procedures 
within a real-world laboratory environment. 

 
Figure 5. Pre-service chemistry teachers performing an AR-assisted 
essential oil extraction experiment 

Chemical Principles of Steam Distillation in AR Design  
To ensure scientific accuracy within the AR module, 

the framework incorporates the fundamental principles of 
steam distillation. This process is governed by Dalton’s 
Law of Partial Pressures for immiscible liquid mixtures. In 
the AR simulation, students observe that the total vapor 
pressure ( totalP ) is the sum of the vapor pressures of pure 

water ( o
H O2

P ) and the essential oil ( o
oilP ): 

o o
total oilH O2

P P P= +
 

The mixture boils when totalP  equals the atmospheric 
pressure (1 atm). This allows the extraction of high-
boiling-point compounds, such as Citral from lemongrass 
(Cymbopogon citratus), at temperatures slightly below 
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100°C, preventing thermal degradation of the essential oil. 
The AR interface visualizes these molecular interactions 
and phase equilibria, which are otherwise invisible in a 
traditional laboratory setting. 
Experimental Materials and Simulation Authenticity 
Metrics 

To ensure the scientific authenticity of the AR 
laboratory simulation, the extraction of essential oil from 
Lemongrass (Cymbopogon citratus) was selected as the 
primary case study. This plant material was chosen due to 
its distinct phase separation and the prevalence of Citral (a 
mixture of geranial and neral) as the major volatile 
component, which provides clear visual cues for students 
during the virtual distillation process. 

The authenticity of the simulation was evaluated based 
on the following technical and pedagogical criteria: 

Yield Efficiency and Real-time Calculation: The AR 
interface simulates the cumulative yield of essential oil 
based on the mass of the raw plant material entered by the 
user. The simulation uses a predetermined extraction 
efficiency rate (typically 1.5% - 2.0% for Cymbopogon 
citratus) to provide realistic output volume. 

Physical Fidelity of Phase Separation: The simulation 
accurately represents the biphasic mixture in the 
Florentine flask, where the essential oil (lower density) 
forms a distinct upper layer above the hydrosol. Students 
must correctly identify this separation to complete the 
extraction protocol. 

Thermal Control Precision: The system monitors virtual 
heating parameters. If the simulated temperature exceeds 
the safety threshold for heat-sensitive organic compounds, 
the AR module triggers a "Quality Degradation" warning, 
mimicking the real-world risk of thermal decomposition. 

Vapor-Liquid Equilibrium (VLE) Visualization: To 
enhance conceptual understanding, the AR overlay 
provides a microscopic view of the steam-volatile oil 
interaction, governed by Dalton's Law, ensuring that the 
simulated boiling point remains below 100°C. 

Safety Statement: While the AR framework presented 
in this study provides a high-fidelity simulation of 
essential oil extraction, it is designed to supplement, not 
replace, established laboratory safety protocols. The AR 
environment serves as a pedagogical tool to enhance 
hazard recognition and procedural familiarity before 
students engage with physical reagents and equipment. 
Users must continue to adhere to all standard safety 
practices, including the use of personal protective 
equipment (PPE), proper handling of heating sources, and 
compliance with institutional safety data sheets (SDS). 
The digital overlays are intended to reinforce, rather than 
substitute, the critical hands-on judgment required in a 
physical chemistry laboratory (see Appendix A in 
Supporting Information). 

Quantitative data, derived from a validated practical 
skills assessment (100-point absolute scale; Cronbach’s 
α  = 0.82), revealed that the experimental group utilizing 
AR achieved a 15% higher improvement (equivalent to a 
mean score increase from 65/100 to 80/100) compared to 
the control group (p < 0.05). To ensure methodological 
rigor, the control group performed the same steam 
distillation protocol using traditional hands-on methods, 
with identical time allocation (90 minutes) and the same 
instructor to eliminate confounding variables. This 

significant increase confirms that the integration of 
scientific data overlays (as described in Figure 4) and the 
step-by-step guidance system enabled students to master 
complex procedures with greater precision than traditional 
methods. 

Beyond psychomotor skills, students' chemical safety 
awareness also recorded a 10% enhancement (measured 
via a standardized safety rubric) following the use of the 
AR module. This result is closely linked to the error-
warning system and real-time interaction illustrated in 
Figure 2, where students received immediate feedback on 
potential hazards when protocols were incorrectly 
executed. Furthermore, the ability to visualize abstract 
phenomena, such as phase transitions and diffusion 
processes governed by Dalton’s Law of Partial Pressures 
(Figure 6), provided students with a deeper understanding 
of the underlying chemical principles of the experiment. 
Although the sample size (n = 30 per group) was 
constrained by the specific enrollment of the pre-service 
teacher program, the effect sizes observed indicate a 
robust pedagogical utility for the proposed framework. 

 
Figure 6. Real-time visualization of phase transitions and experimental 
parameters 

Qualitatively, students exhibited high levels of 
engagement and satisfaction, with an average score of 
4.5/5.0 on a Likert scale. In semi-structured interviews, 
learners emphasized that the AR environment created a 
safe practice space, allowing them to repeat procedures 
involving volatile solvents multiple times without 
concerns regarding fire hazards or chemical costs. These 
positive qualitative insights, coupled with quantitative 
metrics, confirm that the proposed five-step design 
framework not only ensures scientific rigor but also 
significantly enhances the quality of practical training for 
pre-service chemistry teachers (see Appendix B in 
Supporting Information). 

The primary advantages of the proposed design 
framework lie in its domain-specific pedagogy and high 
degree of standardization. Unlike previous studies that 
often focused on isolated AR application development, 
this framework emphasizes a systematic design approach 
specifically tailored for teacher education. It provides a 
robust, scalable workflow that can be adapted to various 
laboratory modules, ensuring both the quality and 
consistency of AR-enhanced content. Furthermore, the 
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integration of a dedicated pedagogical evaluation and 
refinement phase ensures that the final AR assets remain 
closely aligned with the authentic needs of both instructors 
and learners [45]. 

However, certain limitations must be acknowledged. 
The most significant challenge remains the substantial 
investment of time and resources required for Step 2 
(Modeling) and Step 3 (Development), which necessitate a 
development team with deep expertise in both chemical 
sciences and AR programming. Additionally, the 
precision of the tracking mechanisms remains susceptible 
to environmental factors, such as ambient lighting 
conditions and the hardware specifications of individual 
mobile cameras - a technical constraint that warrants 
further optimization in future research [46]. Despite these 
challenges, the proposed framework represents a 
significant advancement in the development of 
pedagogically-driven AR laboratories for chemistry 
education. 

4. Conclusion 

This study successfully established and validated a 
systematic, five-step framework for designing AR 
laboratories specifically tailored for chemistry teacher 
education. The experimental implementation of the 
"Essential Oil Extraction" module demonstrates that AR 
technology transcends its role as a mere visual aid, serving 
instead as a robust, interactive pedagogical environment. 
Significant improvements in pre-service teachers' practical 
skills (a 15% increase) and safety awareness (a 10% 
increase) provide empirical evidence that integrating 
scientific data overlays and real-time feedback systems 
can effectively overcome the safety and cost constraints 
inherent in traditional laboratory training. 

Regarding its contribution to the international chemical 
education community, this framework offers a highly 
reproducible model that enables educators and curriculum 
designers to transform complex chemical experiments into 
safe, yet scientifically rigorous, digital experiences. The 
research confirms that a structured design approach for 
AR applications fosters strong professional competencies 
in pre-service teachers and accelerates the modernization 
of chemistry instruction within the global digital 
transformation of education. Future research may extend 
this framework to diverse chemical domains and 
incorporate multi-user interactive features to further 
optimize collaborative learning environments. 
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Supporting Information 

Appendix A: Safety Guidelines for AR-Enhanced Chemistry Laboratory Modules 
1. General Chemical Safety Protocols  
•  Personal Protective Equipment (PPE): Students must wear appropriate PPE, including lab coats, safety goggles, 

and gloves, even when interacting with AR interfaces in a laboratory setting. 
•  Physical Apparatus Handling: When the AR system is anchored to real-world glassware (e.g., a distillation flask), 

students must handle the equipment as if it contains active hazardous reagents. 
•  Emergency Awareness: Students must remain aware of their physical surroundings, including the locations of fire 

extinguishers, eye-wash stations, and emergency exits, which should not be obstructed by AR equipment. 
2. AR-Specific Safety and Operational Rules  
•  Spatial Awareness: To prevent physical collisions or tripping, students must maintain a clear workspace. Do not 

move excessively while looking through a mobile screen or AR headset. 
•  Device Handling: Ensure that mobile devices or tablets are held with a secure grip or mounted on stable stands to 

prevent them from falling into chemical basins or heating sources. 
•  Ocular Health: Students are advised to take short breaks if they experience "motion sickness" or ocular fatigue 

due to prolonged AR interaction. The system is optimized at >30 FPS to minimize these effects. 
3. Digital Safety Alerts and Procedural Compliance  

Danh mục các cảnh báo mà hệ thống AR sẽ kích hoạt để rèn luyện tư duy an toàn cho sinh viên: 
•  Critical Missing Component Alert: The system triggers a high-priority warning if a heat source is activated 

before the cooling water in the condenser is turned on. 
•  Pressure and Temperature Violations: Real-time data overlays will flash red if the simulated internal pressure or 

temperature exceeds the safety thresholds for a standard glass apparatus. 
•  Incorrect Assembly Notification: Virtual physical interactions (e.g., connecting joints) must be completed 

correctly. Improper assembly will prevent the simulation from proceeding, simulating a "leakage" or "system 
failure." 

4. Instructor Supervision  
•  The AR laboratory is a supplementary tool, not a replacement for instructor supervision. 
•  Instructors have access to the "Real-time Monitoring Dashboard" to identify students who repeatedly trigger safety 

alerts, allowing for immediate pedagogical intervention. 
 

Appendix B: Assessment Rubric for AR-Enhanced Chemistry Laboratory Skills 
 

Assessment Criterion Weight Level 3 (Exemplary) Level 2(Proficient) Level 1 (Developing) 

AR Interaction & 
Navigation 30% 

Demonstrates seamless 
manipulation of virtual 

apparatus; responds intuitively to 
haptic/visual feedback with no 

tracking loss. 

Executes tasks but shows 
occasional hesitation in aligning 

virtual objects or markers. 

Struggles with digital interface; 
frequent tracking loss or inability to 

control virtual assets. 
 

Chemical Technical 
Proficiency 30% 

Executes experimental 
sequences accurately; precisely 

controls parameters (temp, flow) 
via AR overlays. 

Follows procedures correctly but 
relies heavily on the app’s step-by-

step guidance system. 

Incorrect procedural sequence; fails 
to interpret real-time data or scientific 

overlays. 

Safety & Risk 
Awareness 20% 

Immediate and correct response 
to simulated hazardous warnings 

and error alerts. 

Recognizes alerts but exhibits 
delayed reaction or requires re-

reading safety protocols. 

Ignores safety warnings; performs 
actions leading to simulated 

accidents/explosions. 

Micro-Macro 
Connection 20% 

Accurately explains the link 
between physical manipulations 

and the visualized molecular 
behavior. 

Observes changes in the 3D model 
but provides a limited chemical 
explanation of the phenomenon. 

Disregards visualization overlays; 
focuses solely on manual tasks 

without conceptualizing chemistry. 

Grading Formula 
The final performance score is calculated using the weighted sum of all criteria: 

 

Where: 
•  Scorei: The score assigned to the student for a specific criterion (typically on a scale of 1–3). 
•  Weighti: The relative importance of that criterion, expressed as a percentage (Percent) or decimal. 

Pedagogical Interpretation 
•  Exemplary (2.5 – 3.0): The pre-service teacher demonstrates mastery of both chemical techniques and the ability 

to integrate AR technology into future teaching. 
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•  Proficient (1.5 – 2.4): Possesses foundational skills but requires additional practice to achieve digital and manual 
fluency. 

•  Developing (< 1.5): Requires remediation in both digital literacy and core chemical principles. 
Application of the Rubric: Case Study on Essential Oil Extraction 

To evaluate the pedagogical effectiveness of the proposed AR framework, the rubric was applied during a steam 
distillation experiment for Cajuput essential oil. Below is the specific implementation of each criterion: 
1. AR Interaction & Navigation (30%) 
•  Context: Students use AR glasses or mobile devices to identify and assemble virtual components of the distillation 

system (heating mantle, boiling flask, condenser). 
•  Assessment: Points are awarded based on how smoothly the student aligns the "virtual joints" of the glassware and 

interacts with the digital interface to start the heating process. 
2. Chemical Technical Proficiency (30%) 
•  Context: The AR system displays real-time data overlays, such as the boiling point of the solvent and the 

distillation rate. 
•  Assessment: The instructor evaluates if the student maintains the optimal temperature (e.g., ensuring it does not 

exceed the threshold for oil degradation) by observing their interaction with the virtual control panel. 
3. Safety & Risk Awareness (20%) 
•  Context: The "Essential Oil Extraction" module includes simulated hazards, such as high-pressure build-up if the 

cooling water is not turned on or the risk of flammable solvents (e.g., Ethanol). 
•  Assessment: If the student fails to activate the condenser's water flow, the AR system triggers a "RED ALERT". 

A score of "Exemplary" is given only if the student immediately corrects the error before a simulated "explosion" 
occurs. 

4. Micro-Macro Connection (20%) 
•  Context: During extraction, the AR interface visualizes the microscopic process of essential oil molecules 

diffusing from the plant cells into the steam. 
•  Assessment: Students are asked to explain why increasing the steam temperature affects the diffusion rate, using 

the 3D molecular model as a visual aid. 
Impact on Learning Outcomes 

By using this structured assessment, the study found that pre-service teachers in the AR group: 
•  Improved practical skills by 15% because they could repeat the "virtual extraction" multiple times before 

touching real chemicals. 
•  Increased safety awareness by 10% due to the high-fidelity simulation of hazardous scenarios that are impossible to 

demonstrate in a traditional lab. 

 

                                                                                                                                                                                                        


