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Figure 1: Two distinct personalized circuit-building workflows enabled byWireWay. Person A employs context-aware guidance

by asking where to place a flex sensor, and receives highlighting assistance on the augmented breadboard. Person B follows a

build-first approach, constructing the circuit from a schematic, asking "why don’t these LEDs work?" and receiving automated

test generation. Both workflows demonstrate successful circuit completion through individualized interaction strategies.

Abstract

The increasing popularity of microcontroller platforms like Ar-
duino enables diverse end-user developers to participate in circuit
prototyping. Traditionally, follow-along tutorials serve as an essen-
tial learning method for makers, and in fact, several prior toolkits
leveraged this format as a way to engage new makers. However,
literature and our formative study (N=12) show that makers have
unique preferences regarding the construction of their circuits and
idiosyncratic ways to assess and debug problems, which contrasts
with the step-by-step instructional nature of tutorials and those sys-
tems leveraging this method. To address this mismatch, we present
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a prototyping platform that supports personalized circuit construc-
tion and debugging. Our system utilizes an augmented breadboard,
which is circuit-aware and supports on-the-fly hardware reconfig-
uration via contextualized guidance and in-situ circuit validation
through interactive tests. Through a usability study (N=12), we
demonstrate how makers leverage circuit-aware guidance and de-
bugging to support individual building patterns.

CCS Concepts

• Human-centered computing → Interactive systems and

tools; • Hardware → Analysis and design of emerging devices and
systems; • Applied computing → Computer-assisted instruction.
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1 Introduction
The growing popularity of microcontroller platforms like Arduino1

has enabled diverse end-user developers to create interactive elec-
tronic projects [7] and has contributed to the widespread adoption
of physical computing [54]. Creators often utilize popular open-
source tools, such as the authoring editor Fritzing [35], to easily
design electronic diagrams and then assemble circuits on physical
breadboards. In this process, step-by-step instructions gathered
online on how to design, modify, prototype, and debug the desired
circuit are crucial. Tutorials are particularly e�ective in helping
break down complex circuit construction tasks into manageable
steps, and this strategy has been adopted by numerous toolkits and
research prototypes that sca�old circuit construction via interac-
tive tutorials [15, 56, 63] and precompiled guided tests to verify the
correctness of the �nal prototypes [29, 33, 49].

While these structured tutorials and tools are e�ective in break-
ing down complex circuit assembly tasks into manageable steps,
this approach, however, con�icts with the practitioner's natural
building processes and individual preferences [18, 51]. In the real
world, creators employ highly idiosyncratic and bottom-up pro-
totyping strategies, from selecting suitable circuits from online
resources based on the availability of components to determining
a speci�c order of implementation based on individual learning
goals or iterative processes [10]. As such, while tutorials clearly
sca�old users, they fail to leverage the creators' sense of agency
and intuition and do not foster the development of problem-solving
techniques or learning [51].

This mismatch between prototyping tools and user behavior
creates barriers that prevent e�ective exploration and debugging
of physical computing projects. The root of this problem lies in
the fragmented nature of existing support systems, which address
speci�c aspects of physical computing development but fail to pro-
vide integrated solutions that adapt to individual circuit contexts.
Tutorial-based systems [30] and generative approaches [3] provide
structured guidance, but they require makers to follow predeter-
mined paths that may not align with the intended circuit topology.
Circuit visualization tools [66, 67] excel at representing electrical
states but operate independently from the construction process it-
self. Augmented breadboard systems [8, 32] demonstrate promising
spatial guidance capabilities through LED-based instruction deliv-
ery, yet they remain disconnected from circuit design software and
testing practices. Debugging tools [29, 46] bridge the monitoring
between hardware and software to allow user-authored testing, yet
cannot assist users in building personal applications with progress
in hardware context integrated instructions. In sum, existing so-
lutions fall into two categories: o�er guidance through structured
tutorials that need to be pre-authored by an instructor, enforcing

1https://www.arduino.cc/

a speci�c way to prototype and test a circuit [e.g.,30, 63], or pro-
vide speci�c solutions or tools for the design [e.g.,3, 42], construc-
tion [e.g.,32, 62], or debugging [e.g.,19, 67] of electronic circuits,
leaving the burden of deciding what to do and which strategy to
adopt for di�erent situations completely to the end developer.

To address this mismatch and bridge the gap, we present Wire-
Way, an integrated development environment that enables personal-
ized circuit prototyping work�ow through hardware-contextualized
guidance and in-situ testing capabilities, e�ectively linking the hard-
ware with the digital representation of the system (Figure 1). Unlike
fragmented existing tools, WireWay provides uni�ed support by
bridging physical computing design, construction, and validation
processes. The system delivers adaptive guidance through a con-
versational agent that maintains real-time awareness of both visual
circuit schematics and physical con�gurations. This dual awareness
enables WireWay to provide circuit-speci�c visual cues directly
on an augmented breadboard through real-time hardware sensing
and automated testing capabilities. We demonstrate the design, im-
plementation, and evaluation of WireWay through (1) a literature
review and formative study (# = 12) that informed the system's
design goals and technical requirements, (2) the implementation
details of our integrated prototyping platform, and (3) a usabil-
ity study (# = 12) demonstrating how hardware-contextualized
guidance and validation enhance personalized circuit prototyping.

2 Related Works
Building physical computing systems requires makers to navigate
complex relationships between code, schematics, and physical hard-
ware while following an often non-linear and exploratory process.
We survey prior work across three dimensions that shape the phys-
ical computing experience: maker work�ows, hardware-aware in-
structions, and circuit validation.

2.1 Maker Work�ows
Empirical studies consistently demonstrate that makers naturally
employ highly personalized and exploratory prototyping strategies
that promote a growth mindset and e�ective learning [10, 18, 51].
Theoretical frameworks like "re�ection-in-action" describe design
as a "thinking-by-doing" activity [57], emphasizing a conversational
relationship between designer and medium where concrete pro-
totypes lead to unexpected realizations [24, 34]. These learning
principles, where knowledge is built through hands-on tangible
construction, were proven e�ective for supporting diverse learners
in physical computing education [27].

However, this natural approach often con�icts with existing
tools that impose structured, predetermined paths. Makers face
substantial challenges in physical computing, with most fatal faults
due to incorrect circuit construction that are often misdiagnosed as
software bugs [2]. Current educational approaches fail to provide
comprehensive frameworks for identifying context-speci�c sources
of bugs, highlighting systems thinking perspectives that support
diverse debugging pathways [16, 48]. The complexity stems from
needing to understand coding, electronics, and their interconnec-
tions, whereas current tools rely on error-prone manual processes
that create barriers to scaling beyond prototypes [23]. Research
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reveals that creative engineering work occurs during system ar-
chitecture, yet tools operate at lower abstraction levels, creating
tedious work and calling for more adaptive approaches [7, 42].

While existing research advocates for personalized work�ows
and documents these challenges, available tools remain fragmented
and misaligned with natural exploratory processes. WireWay di-
rectly addresses this by enabling personalized circuit prototyping
through uni�ed support that bridges design, construction, and vali-
dation while enhancing makers' exploratory nature.

2.2 Hardware-aware Instructions
Hardware guidance has evolved from structured to more adaptive,
context-aware systems. While e�ective at breaking down com-
plex tasks, tutorial-based methods [30, 63] require predetermined
paths that may not match individual circuit topologies or prefer-
ences. Research into how-to videos shows the value of rich, con-
textual information for e�ective learning beyond mere instructions
[13, 69]. Augmented breadboard systems o�er spatial guidance
through LED matrices that visualize component placement and elec-
trical connections [8, 32, 53], representing a shift toward hardware-
contextualized guidance with immediate visual feedback. Hardware
redesigns [17] address cognitive load by bringing visibility to un-
derlying breadboard connections, while CircuitStack [62] supports
rapid and iterative circuit evolution. Intelligent assistance tools
include AutoFritz [44] for circuit autocomplete, Trigger-Action-
Circuits [3] for generative design from behavioral descriptions, and
CircuitStyle [15] for reinforcing construction best practices.

Advanced approaches focus on bridging abstraction levels and
o�ering novel interaction paradigms through di�erent modalities.
Conversational agents like FritzBot [12] take natural language de-
scriptions from novice users and dynamically generate correspond-
ing Arduino circuits and code, addressing component selection
challenges. Bani Yusuf et al. [6] automates Arduino programming
by generating hardware con�gurations and API usage patterns from
natural language queries. Visual programming environments such
as Flowboard [11] introduce �ow-based programming that is con-
ceptually closer to circuit diagrams than imperative code, providing
immediate feedback that better re�ects circuit behavior. High-level
design tools [41] and Hardware Description Language-based editors
[43] allow designers to work while maintaining synchronization
with visual representations. Hybrid approaches, like VirtualCompo-
nent [31], assist with component value tuning through augmented
reality (AR) overlays on physical breadboards, and VirtualWire [40]
enables programmatic recon�guration of breadboard connections.
SpatIO [22] uses XR to support spatial component placement with
virtual-to-physical transitions, while Proxino [65] blends virtual
and physical circuit elements to facilitate distributed prototyping
collaboration. Finally, sensor-speci�c tools like SensorViz [33] pro-
vide visualization across prototyping stages, from datasheet speci�-
cations to AR-based environmental interaction.

In summary, while there are rich hardware-aware systems and
tools, they often require predetermined paths and operate in isola-
tion from the real-time physical build context. WireWay o�ers a
distinct advantage by providing adaptive guidance through a con-
versational agent that maintains awareness of both visual circuit
schematics and physical con�gurations. This dual understanding

enables to deliver contextualized support and circuit-speci�c vi-
sual cues directly on an augmented breadboard in a way that is
integrated and responsive to the maker's actual physical progress.

2.3 In-Situ Circuit Validation
Physical computing debugging is complex as bugs can reside in
software, hardware, or their intersection, with novices often mis-
diagnosing hardware issues as software problems [10]. Circuit vi-
sualization tools [66, 67] provide real-time �ow visualization and
automatic component recognition, but operate independently from
construction work�ows.

Integrated debugging environments bridge hardware-software
gaps through systems like Bifröst [46] for linked visualizations,
Heimdall [29] for remote inspection, and Toastboard [19] for ubiq-
uitous instrumentation. Test-driven approaches like ElectroTutor
[63] extend software engineering concepts to hardware, but often
require tests to be pre-designed by an instructor, which cannot be
universally applied to any circuit. HeyTeddy [30] automatically
suggests users complete tasks throughout a tutorial, but also re-
quires these tutorials and tests to be pre-speci�ed. Many solutions
necessitate external instrumentation or separate monitors, remov-
ing information from the immediate code context. Recent devel-
opments address these limitations through in-context approaches
like Inline [9] for direct code editor visualization, WiFröst [47] for
networked system instrumentation, and conversational debugging
[4] for guided localization through natural language interaction.

Many debugging visualizations remain decoupled from the im-
mediate construction context, requiring users to mentally map
between separate interfaces and their physical circuits, or rely on
complex setups or pre-existing exercises and tests compiled by an
instructor. WireWay addresses these limitations by providing a
uni�ed debugging experience within the circuit prototyping proce-
dure. Our approach provides automated testing tailored speci�cally
to individual hardware through real-time input and output reads
without additional setup or pre-made content.

3 Formative Study
We conducted a formative study to explore makers' challenges
when developing and debugging physical computing systems with
embedded platforms such as Arduino. We recruited twelve partic-
ipants (7 female, 5 male) via our institution's online community
posting, with an average age of 23.75� 3.05 years (range 19-29
years). We report means with standard deviations as M� SD. They
had diverse backgrounds in electrical engineering (= = 2), computer
science (= = 2), mechanical engineering (= = 2), industrial design
engineering (= = 5), and an exploratory major (= = 1). Partici-
pants reported an average of 2.29� 3.47 years of experience with
embedded systems (range Ÿ1 to 13 years), see Table 1 for details.

Method Each study session lasted approximately 80 minutes
and comprised three parts: introduction and consent, a demograph-
ics survey (10 minutes), a circuit-building task (50 minutes), and
a semi-structured interview (20 minutes). Participants received
compensation equivalent to $15 USD in local currency.

Circuit Prototyping Task We adapted Project 4: Color Mix-
ing Lamp from the Arduino Projects Book [21] as it was rated a
beginner-to-intermediate, recommended for 45 minutes. The task
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Table 1: Participant demographics and prior experience

ID Gender Age Major
Coding

Exp. Program Lang.
Phys. Comp.

Exp.

P1 M 29 EE 13 yrs SystemVerilog 13 yrs
P2 M 21 CS/Math 3�4 yrs C Ÿ1 yr
P3 F 26 EE 3�4 yrs Verilog Ÿ1 yr
P4 F 19 Exploratory 1�2 yrs Python Ÿ1 yr
P5 F 20 CS 4�5 yrs Python 1�2 yrs
P6 F 21 ME 1�2 yrs Python Ÿ1 yr
P7 F 25 ID Ÿ1 yr Python Ÿ1 yr
P8 F 23 ID 1�2 yrs Python 2�3 yrs
P9 M 27 ME 2�3 yrs C++ 2�3 yrs
P10 F 24 ID 2�3 yrs Python 1�2 yrs
P11 M 26 ID 1�2 yrs C# 1�2 yrs
P12 M 24 ID 3�4 yrs JavaScript 2�3 yrs

required reading brightness values from three photoresistors and
control an RGB LED's red, green, and blue channels. We allotted
50 minutes with a 5-minute grace period and provided an o�cial
schematic from the book. Participants used the internet for infor-
mation search and debugging, but were restricted from using large
language models beyond Google's default AI-summarized results.

Task Result Four of twelve participants successfully built and
coded the circuit. The participants who succeeded took an average
time of 42'00"� 6'47" minutes. The reasons for failure consist of
1) misidentifying the type of the LED (common cathode to com-
mon anode), 2) wrong resistance value to construct the photoresis-
tor voltage divider, and not accommodating for it in the code, 3)
misconstructing the voltage divider for the photoresistor, 4) code
discrepancy (wrong functions, not declaring pin mode).

Semi-Structured Interview The following debrief examined
participants' information practices during the task, focusing on (1)
tutorial search strategies, (2) format preferences and switching, (3)
trustworthiness and accuracy judgments, (4) strategies for keeping
track of multiple information sources, and (5) approaches to veri�-
cation, error recovery, and re�ection (Appendix A). We recorded
physical circuit-building processes during the task, screen-captured
programming and information searches, and voice-recorded the
interview sessions. After transcribing and translating the inter-
views into English, we applied open, axial, and selective coding
for qualitative analysis [61]. As a result, we introduce three key
challenges identi�ed across participants during physical computing
projects, particularly highlighting the mismatch between existing
tool design and makers' natural building processes.

3.1 Challenge 1: Distinct Building and
Information Retrieval Strategies

Participants showed idiosyncratic strategies in interactive circuit
prototyping, including starting component choices and task seg-
mentation, that is to say, there was no single pattern shared across
all participants. Some participants broke down complex tasks into
smaller, manageable segments that re�ected their individual problem-
solving approaches (P1-P2, P9-P12). For example, P1 described
breaking down the task into reading the photoresistors' bright-
ness value �rst, setting up the LED, and later merging them. P2, P9,
P11, and P12 echoed this incremental segmentation strategy; P9
referred to "dividing the task into some fundamental elements," while
P12 used the metaphor of doing "baby steps, little achievements along

the way." P10 separated the task into component types and tried
using a single photoresistor �rst, then added the remaining two
photoresistors. In stark contrast, other participants (e.g., P4, P6-P7)
chose to build everything at once without breaking down the circuit
into smaller parts or tasks. They preferred to build the entire circuit
and test it at once at the end. This was not a particularly e�ective
strategy, as acknowledged by P4: "I think that was a problem... I
have to basically �x all of the parts at once." However, P4 recognized
the value of component-level testing for more complex projects,
explaining: "For [what I'm currently working on]... just at �rst try to
test one motor and one wire and then if that is right, then I use the
same value to calculate the whole thing."

When we asked how they previously selected relevant tutorials
and information for the circuit, we also received descriptions of
numerous and diverse approaches. Some participants prioritized
images (P1-P2, P6, P8-P10, P12), while others preferred video tuto-
rials because they supported "understanding the whole process" (P4)
but also because they could pause them anytime if they wanted to
screen capture images of circuits or schematic diagrams (P3, P5-P6,
P10, P12). Another notable di�erence among participants was the
choice of preferred language, as not all participants were native
English speakers. As such, people (P4, P7-P8, P11) explained feel-
ing more comfortable using their native language for information
retrieval. P4 explained their keyword selection strategy: "I chose
my keyword based on my experience because I'm not familiar with
English, so I learned in school how this [photoresistor] is called in [my
mother tongue]." There was also the issue of domain-speci�c lan-
guages (i.e., the technical jargon or the name of speci�c hardware
components), as not every participant shared the same engineering
knowledge. Participants referred to elements in this circuit using
pronouns or determiners such as "it," "this," and "that" (P3, P5, P7,
P10-P12). P10 highlighted the communication challenges when
searching online: "It's hard to communicate what this is in texts on
the Internet, saying 'What is this box with two arrows?', or 'What
does that mean?' They won't understand what that is."

Takeaway: Our interviews revealed that creators adopt very
di�erent strategies for constructing circuits or searching for rele-
vant information online, and that they all value di�erent types of
information (images or videos) or choose vocabulary that re�ects
their prior knowledge, preferences, and expertise.

3.2 Challenge 2: Mismatched Between Circuit
and Tutorial Diagrams

All participants discussed how di�erences between the visual rep-
resentation of a circuit and the circuit diagram, or even between
components on their breadboard and those in the tutorials, created
confusion and misunderstanding. This separation between equiva-
lent representations (i.e., digital vs. physical) was already studied
in the literature [32] and was further corroborated in our �ndings.
For example, nine participants reported struggling to identify com-
ponents and pins (P1-P4, P7-P10, P12) when tutorial visuals did not
match their prior knowledge or the components' physical appear-
ance. P1 experienced wiring errors due to incorrect assumptions
about LED pin ordering, initially expecting "ground, red, green,
blue" but �nding the actual arrangement was "red, ground, green,
blue." Two participants (P6, P7) expressed frustration with the way
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power connections (VCC and GND pins) were rerouted directly to
the components without passing through the breadboard, or how
di�erent components should have been grounded to the same node
of the net. Similarly, P3 made a "huge mistake" by misidentifying
photoresistors as a diode in the provided schematic, stating, "I was
familiar with arrow symbols for diode," and only realizing the error
after watching a clarifying video. P12 observed that the diagram in
chosen tutorial had pins arranged di�erently from what they had
built based on general knowledge, leading them to tear down and
rebuild the circuit to match the tutorial exactly.

Another source of frustration was identifying components and
their intended usage. P2 observed that di�erent online sources often
presented con�icting visual representations, "the documentation...
was di�erent from what you're expecting from the components that
you have"". Several participants (P2, P8, P10-P11) struggled with
tutorial applicability when similar components were used for di�er-
ent purposes, "two tutorials look similar but were made for di�erent
purposes"�P8. As a solution, users turned to the text descriptions
in the tutorial to get a better grasp of the circuit topology and its
intended usage (P4, P6-P11), leaving some to conclude (P10, P11)
that constant adjustment and modi�cation are needed to extract
relevant information from tutorials.

Takeaway: All the above comments highlight the frustration
of creators, especially those with little engineering expertise, in
forming a clear mental model that bridges the diagram represen-
tation of a circuit and its physical instantiation in the hardware.
Any mismatch in terms of visual representation between the two,
in terms of circuit structure or components, creates uncertainties,
confusion, or simply slows down the process and con�dence with
which the circuit can be assembled.

3.3 Challenge 3: Manual and Iterative Circuit
Debugging

Circuit validation emerged as the most signi�cant barrier to suc-
cessful physical computing prototyping. Multiple participants (P5,
P6, P7, P8) lacked systematic testing knowledge and resorted to
guesswork rather than methodical veri�cation approaches. P6 ex-
plicitly acknowledged this limitation: "I think it's hard to do [verify].
So it's more of a guess that it will work", while P7 admitted forgetting
fundamental testing procedures: "But I forgot that there is that kind
of [testing individual components before building the whole thing] pro-
cess." This �nding aligns with prior work documenting debugging
challenges in physical computing education, where circuit construc-
tion errors often compound software bugs, creating complex failure
scenarios that novices struggle to diagnose systematically.

Existing testing approaches required external tools that operated
independently from circuit design contexts, contrasting sharply
with participants' requests for integrated solutions. While partici-
pants relied on disconnected debugging methods�serial monitor
observations (P1-P2, P4-P5, P9-P11), manual component command-
ing through temporary code modi�cations (P2, P9), or external mea-
surement tools like multimeters (P1)�six participants (P1-P3, P5,
P10, P12) explicitly desired automated validation systems integrated
directly into circuit design work�ows. P9 exempli�ed current frag-
mented approaches: "turn[ing] each LED one by one directly through
the code without anything connected... turning each (LED) 'high' one

by one" to verify connections, while P10 conceptualized integrated
alternatives: "a LEGO-style tutorial with step-by-step checkpoints
that would show the simulated values of a circuit that should be
expected." However, even general-purpose AI assistance proved in-
adequate, as P10 experienced: "There were times when I followed
everything that the [AI] was telling me, and it still didn't work... they
kept telling me very general answers that I had already checked." P5's
request for immediate contextual feedback�"if the program could
tell if I'm wiring the components wrong", alongside P1's advocacy
for "built-in instrumentation" with "measurement ports", highlights
the need for circuit-aware debugging support that provides speci�c,
actionable guidance rather than requiring manual correlation of
disparate information sources or generic troubleshooting advice.

Takeaway: Overall, users expressed frustration in identifying
the source of errors and showed interest in methods that would be
aware of the circuit under test, suggest strategies to narrow down
the possible cause of errors, and guide them through strategies to
measure the expected output.

4 WireWay System
WireWay is a circuit design and construction support tool that
makes the realization of a circuit design easier by connecting soft-
ware visualization with physical circuits and integrating expressive
agent chat queries with context inclusion (Figure 2). The system
was structured in response to the circuit realization challenge noted
during the literature review and the formative study. WireWay was
designed with three goals: 1) let the user ask questions about
their own circuit and components without having to conform
to any preprocessed tutorial; 2) the user can receive guidance on
where to physically wire and/or apply tests directly in the
hardware; and, 3) the system can suggest and perform hard-
ware tests that help the user �nd faults in a circuit by probing it
(see Appendix B for details).

4.1 Design Goal 1: Supporting Idiosyncratic
Prototyping

To better sca�old makers in their own circuit modi�cations and
explorations, WireWay provides personalized guidance that adapts
to the current circuit con�guration at any arbitrary starting point.
By integrating a written query pipeline with included circuit context
into the system interface (Figure 3), the user can have an interactive
conversation about the construction strategy and process for this
speci�c circuit, or the characteristics (e.g., pinout) of a speci�c
component. With the circuit's context, the user can ask general
questions about the circuit con�guration (e.g., Is the circuit correct?
Are there any misconnections?), and by visually selecting speci�c
components or a portion of the circuit on the interface (Figure
3A, B), direct questions about the highlighted parts alone. Context-
awareness also allows users to refer to components using generic
pronouns and terms such as "this," "here," and "these" in queries
(Figure 3C and 2C). For example, the user can ask What is this
component? or How shall I connect this component?, or Where is the
ground pin of this LED? and the system can produce an informed
response using as context the current circuit topology and the
speci�ed subset of components highlighted through the system
interface (Figure 3D).
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Figure 2: Overview of WireWay interface architecture: (A) an augmented breadboard with LED row indicators for physical
guidance, (B) a circuit design canvas enabling circuit con�guration, visualization, and breadboard highlighting, (C) component
selection for conversational context reference, and (D) an AI agent communication. Users interact through (E) natural-language
text input to query circuit con�gurations and components. The interface provides (F) mode switching between Ask and Test,
(G) schematic synchronization to update circuit context, and (H) ad-hoc test for systematic hardware veri�cation.

Figure 3: Context-aware component selection work�ow for conversational interaction. Users can add circuit components to the
conversational context through (A) double-click individual components in the circuit design interface, or (B) click-and-drag
for multiple components. (C) With highlighted components as added context, users can query using natural language and
pronoun references. (D) The system parses the contextual component information to provide targeted guidance and responses.

These mechanisms address Challenges 1 and 2 from the for-
mative study by providing ways for individual builders to have
di�erent execution strategies, formed through a dialogue with the
agent, for any arbitrary tutorial that serves as a starting point.

4.2 Design Goal 2: Guiding with
Hardware-Context Awarness

WireWay supports in-context physical hardware guidance by uti-
lizing an open-sourced augmented breadboard with a built-in LED
row indicator. WireWay can make an explicit row indication to the
user by blinking the LED embedded in rows that it needs to make
reference to (Figure 4C). The system supports this position visu-
alization in two ways (Figure 4): 1) Active Mode The user clicks
on a speci�c component on the GUI breadboard and see the rows
on the augmented breadboard lit up corresponding to the location
where the selected component should be (Figure 4A), similar to the
previous works [32]. 2) Dialog Mode Another option is through
dialogue with the agent, where the user asks the agent to highlight
a speci�c pinout of an IC or simply highlight the connections that
the user should make. Then the system will display a GUI button

Figure 4: Two methods for providing in-situ breadboard guid-
ance: (A) users click circuit components to illuminate cor-
responding breadboard rows. (B) the conversational agent
automatically activates (C) LED indicators and provides in-
terface buttons to repeat the highlighting sequence.
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