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Making Magnetism Visible: An NSF IUSE Project Investigating Student 
Sensemaking with MARVLS Augmented Reality Apps 

 
Abstract 
 
The MARVLS Augmented Reality (AR) Apps scaffold students’ ability to visualize abstract 
three-dimensional magnetism concepts and coordinate mathematical expressions with physical 
representations. Supported by an NSF Improving Undergraduate STEM Education (IUSE) grant, 
we developed and implemented AR modules in introductory physics courses over three years. 
Using a mixed-methods approach, we analyzed pre/post conceptual assessments (n = 144) and 
semi-structured interviews (n = 27). Results show improved magnetism conceptual 
understanding and qualitative evidence that AR supports coordination between mathematical and 
physical reasoning modes. Analysis using the Mathematical Sensemaking (MSM) framework 
suggests that AR functions as a mediating tool that facilitates translation and coordination across 
representations. These findings extend prior AR research by identifying mechanisms through 
which immersive visualization may support conceptual development in undergraduate physics. 
 
Introduction 
 
Understanding abstract, three-dimensional electricity and magnetism (E&M) concepts presents 
persistent challenges for undergraduate STEM students. Mastery requires students to visualize 
invisible vector fields, mentally rotate 3D structures, connect two-dimensional diagrams to 
spatial models, and interpret variables in mathematical expressions as physical quantities [1-3]. 
Traditional representations such as static diagrams, symbolic notation, and equations may not 
provide the dynamic, embodied experiences needed to support coordination across 
representations. 
 
Augmented reality (AR) has emerged as a promising tool for enhancing spatial reasoning and 
engagement in physics and engineering education [4-10]. By allowing learners to manipulate 3D 
models anchored to physical objects, AR environments may reduce cognitive load associated 
with coordinating multiple representations. 
 
The MARVLS mobile app, used with a Merge© cube, overlays interactive 3D magnetism 
models onto a physical target through a smartphone camera. Students rotate and reposition the 
cube while selectively displaying equations, vectors, and coordinate axes. For example, in the 
Lorentz force scene, students visualize velocity, magnetic field, and force vectors alongside the 
corresponding equation, directly linking symbolic and physical representations (Figure 1). Prior 
work has examined individual MARVLS magnetism scenes and documented how AR supports 
gesture use, representational fluency, and conceptual reasoning in magnetism contexts [11-15]. 
 



 

 

 
Figure 1. Examples of the AR Scenes as viewed through the smartphone screen for four magnetism scenes: the 
magnetic field of a magnet, the Lorentz force on a moving charge in a magnetic field, the magnetic field of a 
current-carrying wire, and the Biot-Savart Law. 
 
In this paper, we synthesize analyses of student reasoning across five magnetism topics: the 
magnetic field of a wire, the Biot–Savart law, the right-hand rule (RHR), the Lorentz force, and 
electromagnetic induction, using the Mathematical Sensemaking (MSM) framework [16–19]. 
 
Theoretical Framework: Mathematical Sensemaking (MSM) 
 
The MSM framework characterizes how learners coordinate mathematical and physical tools and 
objects during problem solving. It distinguishes four reasoning modes based on whether 
mathematical or physical tools mediate interaction with mathematical or physical objects. 
Productive reasoning involves translation (shifting tools or objects), chaining (sequencing 
reasoning structures), and coordination. Figure 2 illustrates the four reasoning modes in the 
MSM framework and the coordination process that leads to a “molecule of sensemaking.” 

 
Figure 2. Left: the four modes of the MSM framework, defined by the tool and the object of sense-making. Right: a 
sense-making diagram, showing the processes of translation and coordination that lead to a coordinated reasoning 
structure called a “molecule of sensemaking”. 



In AR environments, physical manipulation of a 3D model may function as a mediating tool that 
supports translation between mathematical expressions and physical interpretations. Prior 
applications of the MSM framework to MARVLS AR models have examined student reasoning 
in contexts including 3D vectors, the Lorentz force, and electromagnetic induction [11–13]. The 
present paper integrates findings from these studies to characterize how AR supports 
coordination across magnetism topics. We address the following research questions: 
 
RQ1: To what extent are gains in conceptual understanding of magnetism observed following 
interaction with MARVLS AR models? 
RQ2: How do students coordinate mathematical and physical reasoning modes while interacting 
with AR models, as characterized by the Mathematical Sensemaking (MSM) framework? 
 
Methodology 
 
The NSF-supported project employed a mixed-methods design examining students’ reasoning 
while interacting with MARVLS AR magnetism models. 
 
Participants 
 
The study included 144 students enrolled in introductory physics courses at a small private 
liberal arts institution in the northeastern United States. Participants were drawn from four 
sections of an algebra-based life sciences course (PHYS 120, n = 67) and three sections of a 
calculus-based course for physics and mathematics majors (PHYS 140, n = 77) during 
2024–2025. Twenty-seven students participated in semi-structured interviews. Sixteen 
interviewees were enrolled in physics courses following AR implementation; eleven were 
introductory psychology students who had not taken college-level physics. Approximately 56% 
identified as women and 44% as men. 
 
Data Collection and Analysis 
 
Conceptual understanding was assessed using the Electricity and Magnetism Conceptual 
Assessment (EMCA) [20] administered pre- and post-instruction. Interviews guided students 
through AR interactions across five magnetism topics. Interview transcripts were analyzed using 
the MSM framework to identify translation, chaining, and coordination across reasoning modes. 
 
Results 
Quantitative Results 
 
EMCA scores improved from pretest to posttest in both courses (Table 1). PHYS 140 students 
demonstrated higher normalized gains (g = 0.27) than PHYS 120 students (g = 0.18). 



Additionally, 34% of PHYS 140 students and 16% of PHYS 120 students achieved posttest 
scores ≥18, a threshold indicating entry into E&M reasoning. 
 
Table 1. EMCA Assessment Results (correct out of 30 questions) 

Course No.  
of students 

Pretest  
(average) 

Posttest  
(average) 

Hake 
normalized gain 

(average) 

No. of students 
with posttest 
score >=18 

PHYS 120 67 9.4 13.1 0.1782 11 (16%) 

PHYS 140 77 10.0 15.4 0.270 26 (34%) 

 
These gains occurred in courses that also incorporated active-learning strategies; thus, results 
reflect implementation within an interactive instructional context. 
 
Qualitative Results 

Building on prior qualitative analyses of MARVLS magnetism scenes [11–14], this paper 
integrates findings across topics using the MSM framework. Interview analysis revealed that AR 
interactions supported coordination between physical gestures, 3D visualizations, and symbolic 
representations. While interacting with the Lorentz force scene, one student rotated the cube, 
aligned his RHR gesture with the AR vectors, and displayed the Lorentz force equation before 
stating, “v is my pointer and that’s to the left, B is my middle finger and that’s toward me, and F 
is the answer and that’s my thumb.” This moment reflects coordination between physical 
manipulation of the AR model (Psm-P), embodied gesture (Psm-P), and interpretation of the 
mathematical structure (Msm-P), consistent with coordinated reasoning across modes (Figure 2). 
Similarly, another student explained, “I used to just memorize the right-hand rule, but now I can 
see why it works,” illustrating translation from procedural recall to conceptual reasoning. 

Across interviews, students rotated the 3D model, aligned it with 2D diagrams, referenced 
equations, and applied RHR gestures. When later asked to explain concepts without the app, 
many reported mentally visualizing the AR model while gesturing, suggesting internalization of 
spatial representations. One student explained, “After I really developed that link between the 
picture, the model, and the equation, I didn’t need to use the cube itself because I could picture it 
in my head. Now, anytime I see a wire, I imagine the model on the Merge cube and turn it to see 
how the magnetic field curls.” This account suggests that the AR environment functioned as a 
mediating tool appropriated beyond the immediate interaction, reflecting sustained coordination 
across mathematical and physical reasoning modes. 

Students also described how the AR model reduced what one participant called the “fuzziness” 
of 3D magnetism concepts. Without the cube, he could “only plug numbers into the equation” 
but struggled to clearly picture the phenomenon. With the AR model, “there’s no fuzziness 



because the picture’s right there.” He further noted that he could manipulate the cube “to get that 
2D representation and fully understand what that graph is saying,” rotating the model to match 
projected views. These accounts suggest that AR supports representational fluency by reducing 
the cognitive burden of mental rotation and enabling coordination between equations, diagrams, 
and spatial models. 

Discussion and Conclusion 
 
Prior research on AR in physics education reports gains in spatial reasoning and engagement 
[4–9]. Our findings are consistent with this literature and further contribute by analyzing how 
AR mediates transitions between mathematical and physical reasoning modes using the MSM 
framework. The observed gains in conceptual understanding, together with qualitative evidence 
of coordinated reasoning, suggest that AR-supported interaction may facilitate deeper integration 
of mathematical and physical representations. The AR environment functioned as a hybrid 
mediating tool, enabling translation between vector equations and 3D field representations. 
MSM analysis suggests that AR scaffolds coordination across reasoning structures, supporting 
development of coherent “molecules of sensemaking.” 
 
Implications 
 
For instructors, AR modules that explicitly highlight variable-to-vector correspondences may 
strengthen representational fluency. For curriculum designers, embedding dynamic feedback 
mechanisms may promote productive chaining and translation across representations. More 
broadly, immersive visualization tools may support spatial reasoning skills critical to STEM 
persistence. 
 
Limitations and Future Work 
 
This study was conducted at a single institution without a control group, and courses 
incorporated active-learning strategies that may also contribute to observed gains. Future work 
should include multi-institutional implementations and controlled comparisons to further isolate 
the impact of AR-mediated reasoning. 
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