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Capturing expert knowledge is a common approach in domains that are not yet well mapped out or lack an
established body of canonical knowledge. As the need to develop the quantum information science and engi-
neering (QISE) workforce grows, we need to equip students with necessary quantum technology competencies
and skills. Quantum sensing receives far less focus in existing curricula compared to quantum computing and
communication. There are no standard textbooks, structured curriculum, or established conceptual frameworks
for understanding quantum sensing. To address this gap, curriculum developers can draw on the knowledge of
experts actively working in the field. This paper presents a methodology for eliciting expert knowledge through
semi-structured interviews with a concept mapping activity. We detail the process from participant recruitment
to the analysis of the resulting concept maps. Through this approach, we were able to identify detailed men-
tal models of experts on specific quantum sensing protocols. The insights gained from this work will directly
inform the development of quantum sensing curriculum and this methodology will be useful for educators and
curriculum designers.
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I. INTRODUCTION

The ability to design, fabricate, and manipulate quantum
systems and to leverage properties such as superposition and
entanglement has led to the rapid development of new quan-
tum technologies that outperform classical systems. As part
of this so-called ‘second quantum revolution’ [1], three pillars
of quantum information science and engineering (QISE) have
been identified: computing, networking and communication,
and sensing. There has been a call to expand the quantum
workforce [2], and it is therefore important for these topics to
be incorporated into existing curricula, so as to equip students
with the necessary competencies and skills.

Quantum sensing refers to the use of a quantum system
and its quantum properties like superposition and entangle-
ment to measure any physical quantity [3]. It spans a diverse
range of hardware platforms, requires integrating knowledge
from many physics subfields, and has a stronger emphasis on
concepts related to measurement and metrology, unlike other
‘QISE pillars’. Hence, a dedicated curriculum can help con-
nect abstract quantum concepts to real-world sensing chal-
lenges while equipping students with interdisciplinary and
hardware-based knowledge/skills.

A growing number of QISE courses are currently being
offered [4], but the ‘QISE pillar’ most often emphasized
is quantum computing [5]. A survey of 63 QISE courses
showed that only 22% include topics related to quantum
sensing[6]. Also, none of these courses were dedicated to
quantum sensing, while many were focused on quantum com-
puting. This presents a significant gap, as quantum sensing is
a rapidly advancing field with real-world commercial applica-
tions (e.g., atom interferometer and atomic clocks in naviga-
tion, quantum gravimeters, etc.), which have emerged sooner
than practical applications of quantum computers [3]. De-
spite this, there are no standard textbooks dedicated to quan-
tum sensing, and the subject receives little attention in the
most widely used textbooks in modern physics, quantum me-
chanics, and quantum computing courses. Additionally, a
survey of experts revealed that they feel less competent in
quantum sensing compared to other areas within QISE [7].
Given the rapidly evolving nature of the field, educators have
reported that, as non-experts in the field, primary literature
is often difficult for them to access and interpret [5]. So in
this project, we aim to capture expert knowledge on quantum
sensing and use it to develop curricular resources that can be
integrated into existing quantum-related courses at the under-
graduate level.

Experts possess deeply structured knowledge organized in
intricate networks, where the activation of different parts of
the network is context-dependent [8]. Their mental models
consist not of isolated facts, but of meaningful patterns that
are closely aligned with disciplinary norms. This has been
demonstrated through numerous studies across a range of dis-
ciplines, including computer science [9], history [10], and
mathematics [11]. The structure of mental models, such as
hierarchical versus single-level organization of information,

also impacts performance on tasks [12]. Therefore, eliciting
and characterizing expert knowledge and understanding how
experts organize their mental models is valuable not only for
teaching novices but also for supporting the development of
proficiency in general.

Cognitive Task Analysis (CTA) is a method used to un-
derstand how individuals structure their knowledge and apply
their cognitive skills and strategies to complete a task. There
are various approaches within CTA, including the Critical
Decision Method, Work Domain Analysis, Task-Knowledge
Structures, and Concept Mapping [13]. Concept mapping is
a technique for visually organizing information in which the
relationships between different concepts and propositions are
explicitly represented. It was originally developed by Joseph
Novak’s research group in the 1970s as part of a long-term
study investigating the impact of early instruction in basic sci-
ence concepts on later science learning [14].

Research using concept maps on experts has primarily fo-
cused on eliciting mental models and decision-making pro-
cesses of professionals - insights that can be used to construct
sophisticated knowledge frameworks and support instruction.
For example, concept mapping has been used to identify the
tacit dimensions of clinical expertise [15], to model the rea-
soning processes of weather forecasting experts [16], and to
develop expert-guided models of health literacy [17]. In ad-
dition, concept mapping has been used to elicit canonical
disciplinary knowledge held by experts. Examples include
eliciting experts’ understanding and representations of statis-
tics [18], mapping the content of engineering statics curricula
to enable information visualization for educational purposes
[19], and exploring how experts contextualize concepts re-
lated to sustainability [20].

In this paper, we describe in detail our methods for eliciting
expert knowledge on quantum sensing using semi-structured
interviews in which a concept mapping activity played a cen-
tral role. We outline the interview protocol, explain how the
concept mapping activity was carried out, and discuss our ap-
proach to analyzing the maps. The goal of this paper is to
explain a research method that shows promise, but has rarely
been used within physics education. Concerning the authors’
positionality, our research background includes both quantum
PER and QISE.

II. METHODS: DEVELOPING A CONCEPT MAP

Participants and Recruitment - Our target population in-
clude advanced graduate students, postdoctoral researchers,
faculty, or research scientists from academia or industry who
are working on quantum sensing or related platforms. People
in these roles who have worked on sensing-related projects
for a reasonable amount of time (around 2 years or more) can
be considered experts for the purpose of our study because
they have domain-specific knowledge and practical experi-
ence modeling or experimenting with devices.

We conducted a broad search within the network of re-
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searchers we knew were actively working in the field of
quantum sensing to identify individuals from diverse sens-
ing backgrounds who met our criteria for expertise. We con-
tacted them via email and scheduled interviews with those
who agreed to participate. We have conducted five inter-
views so far, with two graduate students, one postdoctoral
researcher, and two faculty members.

Interview preparation and training - About a week be-
fore the interview, we share training materials with the par-
ticipants to help them prepare for the interview. This includes
a short tutorial video we created on how to use Lucidspark, a
virtual whiteboard software used for the concept mapping ac-
tivity. The video provides a brief overview of what a concept
map is, along with basic instructions on using Lucidspark -
such as how to create sticky notes (to represent concepts),
make connections between concepts, and navigate the inter-
face. In addition to the video, we provide a practice concept
map on the topic of quantum measurement that participants
can view and modify before the interview. Participants are
encouraged to engage with the practice map by adding new
concepts, editing existing ones, and creating new connections
in order to become familiar with both the concept mapping
process and the Lucidspark platform. We also share an out-
line of the interview protocol in advance so that participants
know what general questions to expect during the session.

Interview and concept mapping activity - The interview
is conducted on Zoom and is fully recorded with the partic-
ipant’s consent. Each session typically involves two inter-
viewers, with one interviewer primarily focusing on asking
the questions and following up on the responses, while the
other helped out with the concept mapping activity. The in-
terview begins with a few background questions about the
participant’s experience with quantum sensing, the type of
platform they work on, and any prior experience teaching
sensing-related content. Following this, the interview is or-
ganized into three main sections - exploring the big picture
related to sensing, focusing on the participant’s specific plat-
form of interest through the concept mapping activity, and
finally, discussing ideas for teaching quantum sensing.

In the first section (lasting approximately 10 minutes), we
aim to understand how experts conceptualize quantum sens-
ing and metrology more broadly. For example, we ask how
they differentiate between quantum and classical sensors,
how they contextualize quantum advantage, and how they dis-
tinguish between sensing and measurement.

Next, we move on to the main portion of the interview,
in which participants engage in a concept mapping activity
while discussing a specific quantum sensing platform, how
it works, and the foundational ideas necessary to understand
it. Participants are first asked to give a brief outline of the
quantum sensing platform they would like to focus on. As
they respond, one of the interviewers identifies concepts men-
tioned and places them in a temporary holding space, called
the “parking lot” (see Fig. 1A). Around 10-20 concepts are
typically identified at this stage, depending on how detailed
the initial description is. On Lucidspark, we use a framed

region on the board as the parking lot and use digital sticky
notes to represent individual concepts. Once this initial stage
is complete, participants are invited to open the Lucidspark
document on their own computer to begin constructing the
concept map. Since Lucidspark supports real-time collabora-
tion, both the interviewers and the participant can work on the
map simultaneously. We also share our screen on Zoom dur-
ing this time so that the entire mapping process is included as
part of the Zoom recording. We then prompt participants to
start with the ideas in the parking lot, move these ideas on to
the ‘mapping canvas’, group and arrange them spatially, and
make explicit connections between them that indicate the na-
ture of their relationships. Arrows with text are used to show
relationships between concepts. As much as possible, we
encourage participants to physically move the sticky notes,
organize related ideas, and draw links while thinking aloud.
Throughout the process, interviewers use follow-up prompts
to elicit additional information, leading to the addition of new
concepts and connections. For example, if a participant men-
tions the Ramsey sequence and the Bloch sphere, we might
follow-up on related topics like visualization of the sequence
using Bloch sphere, other geometric or mathematical repre-
sentations, etc. Our goal is to capture the complete sensing
protocol being discussed - from the initial steps (e.g., state
preparation), measuring the final state of the system, and in-
ferring the value of the sensed quantity (e.g., magnetic field
strength), and most of the questions are centered around that.
At each stage, we prompt participants to articulate the un-
derlying physics required to understand the process. Toward
the end of this section, we also ask about other relevant as-
pects, such as quantifying sensor performance, potential ap-
plication areas, and what features make the sensor distinctly
“quantum”. This concept-mapping portion of the interview
typically lasts around 40 minutes.

The third and final section of the interview, lasting ap-
proximately 10 minutes, focuses on ideas for teaching quan-
tum sensing. We ask the participant to reflect on what
undergraduate-level physics concepts are required for under-
standing the ideas presented in their concept map. We also
try to identify common student misconceptions or difficulties
related to sensing or sensing-adjacent topics that they might
have encountered. A key part of this section is discussing any
“toy models” they might be familiar with that can be used to
teach sensing concepts that are made visible in the concept
map. While we do not necessarily engage with the concept
map during this section, we might revisit it to add new con-
cepts or connections if something significant arises during the
discussion. This section is kept brief because the key focus of
the interviews is on eliciting experts’ mental models to iden-
tify key concepts, not on teaching methods. As most partici-
pants do not generally teach sensing related courses, teaching
discussions were minimal. Finally, participants are encour-
aged to share with us any instructional materials — such as
homework problems or class activities— they have developed
or used, if possible. The interview concludes with a few op-
tional demographic questions.
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FIG. 1. (A) The original parking lot made during the first stage of the interview and (B) the concept map made by the expert

III. RESULTS: EXAMPLE CONCEPT MAP

Fig. 1 shows the initial parking lot created during the first
stage of the interview (A) and the final concept map cre-
ated by the expert (B). After the interview, our analysis of
the maps involve two rounds of revision. In the first round,
we review the interview recordings and add any missing con-
cepts, connections, or connecting words that were mentioned
verbally by the expert during the interview but not captured
on the original concept map. To distinguish these, we use
color coding to differentiate between concepts added during
the interview and those added during the analysis. In the sec-
ond round, we add additional concepts and connections where
clarification is needed. We also add extra notes where supple-
mental information would enhance our understanding of the
map. We then identify meaningful clusters of concepts and
make a note of these. Any ideas related to teaching quantum
sensing that arose during the final portion of the interview
are also added to the map, provided they are relevant and can
be directly linked to existing concepts. These are also color
coded to indicate that they are ideas related to teaching. Fig.
2 shows the map from Fig. 1 after final revisions.

One of the key goals of this project is to synthesize the
individual concept maps and construct a high-level map rep-
resenting a conceptual framework for quantum sensing, in-
tegrating ideas across multiple platforms. As a first step to-
ward this goal, we tried to identify common themes or mod-
els across the expert maps. From the data collected thus far,
we found that the model of an interferometer (i.e., the typ-
ical procedural sequence of interferometry) appears repeat-
edly across some sensing platforms. These sensing protocols
(for example, atom interferometry for gravitational sensing)
can be directly mapped onto this template of an interferome-
ter. From an instructional perspective, this suggests that the

interferometer model can serve as an effective entry point for
teaching quantum sensing concepts and protocols. The de-
tails of this model are beyond the scope of the current paper
and will not be discussed in detail here.

Issues / Challenges - Participants engaged with the con-
cept mapping activity in different ways depending on how
comfortable they felt with the Lucidspark interface. Some
found it easy to create the map while thinking aloud, and
even shared that the process of organizing concepts and mak-
ing connections helped them clarify their own mental mod-
els. Others, however, seemed to experience cognitive over-
load and found it challenging to think, talk, and construct the
map simultaneously. To quote the feedback from one of the
participants, “Thinking and working through the map and try-
ing to speak at the same time was a little tricky...". Many par-
ticipants also reported never having used Lucidspark before,
which impacted their involvement in the mapping process. In
such cases, the interviewers took a more active role adding
content to the map that matched the interviewee’s verbal dis-
cussions. The interviewee could see all the changes and pro-
vide additional feedback or comments in real time. The in-
terviewer would also prompt the participant to explicitly talk
about the relationships between concepts.

Another difficulty in this approach was ensuring that we
captured as much as possible of the experts’ mental models;
not only the broad ideas, but also the finer details of the sens-
ing protocols. Additionally, the discussion would sometimes
move into some tangential topics, so to address this, we use
a set of scaffolded and targeted prompts to guide the conver-
sation back toward the main sensing protocol. These prompts
would provide a general structure for the mapping process
while still allowing enough flexibility to explore the ideas the
participant mentions and discuss any necessary tangents.
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FIG. 2. The concept map after two rounds of revision. The yellow sticky notes are the concepts from the original concept map, the teal blue
sticky notes were added to the map during analysis, and the light blue sticky notes represent additional notes made during analysis to clarify
some ideas on the map.

IV. DISCUSSION

Here we have outlined a methodology for eliciting expert
knowledge on quantum sensing through the use of concept
maps in semi-structured interviews. The goal of this paper
was to share a technique for uncovering experts’ complex
mental models. This approach is particularly interesting be-
cause it allows us to visualize expert knowledge in a way that
reveals both the structure and depth of understanding, includ-
ing connections between foundational ideas and advanced ap-
plications. Although concept mapping has not been widely
used in physics education research to elicit expert knowledge,
this work suggests that this method could be a powerful tool
for this purpose, with the potential to support instruction and
curriculum design. Some challenges of this methodology in-
clude capturing all the specific details, maintaining focus on
the sensing protocol while allowing sufficient flexibility, and
managing participants’ cognitive overload.

Using this method, we have been able to generate rich and
detailed concept maps that effectively visualize sensing pro-
tocols, along with the foundational ideas necessary to under-
stand them. Our longer-term goal is to synthesize several
individual maps into coherent knowledge structures or con-
ceptual frameworks that can support the teaching of quantum
sensing. This synthesis, however, presents a significant chal-
lenge due to the diversity of sensing platforms, each with its
own theoretical basis and implementation. For this synthesis,

we plan to first identify any toy models or common concep-
tual structures that appear across multiple maps.

We plan to conduct additional interviews with experts
across a diverse range of sensing platforms and hardware.
Identifying coherent conceptual frameworks for quantum
sensing from the concept maps will inform our curriculum
development efforts. By identifying meaningful connection
points between the existing intro-level quantum curriculum
and the novel ideas on quantum sensing, we plan to bridge
the two, similar to efforts to guide curriculum structure in
statistics [18] and engineering statics [19].

These concept maps can be useful tools in lesson planning,
as they highlight the key concepts used across different sens-
ing platforms, making it easier to identify what ideas should
be included in instruction. Their visual structure also re-
veals the hierarchical relationships among concepts, indicat-
ing which ideas build upon others. This could be particularly
useful for designing learning progressions and also for devel-
oping modular curricular resources that can be integrated into
existing courses. Hence this methodology can be very bene-
ficial for both instructors and curriculum developers working
to incorporate any topic into the broader curriculum, as it will
help to identify what to teach in a course and when.

We thank Dr. Gregory Howland for his valuable input and
feedback on the interview protocol and analysis. This work
is funded by NSF Award 2315691.
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