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Figure 1: Two distinct personalized circuit-building workflows enabled by WireWay. 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 
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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 
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 effective in helping 
break down complex circuit construction tasks into manageable 
steps, and this strategy has been adopted by numerous toolkits and 
research prototypes that scaffold circuit construction via interac-
tive tutorials [15, 56, 63] and precompiled guided tests to verify the 
correctness of the final prototypes [29, 33, 49]. 

While these structured tutorials and tools are effective in break-
ing down complex circuit assembly tasks into manageable steps, 
this approach, however, conflicts 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 specific order of implementation based on individual learning 
goals or iterative processes [10]. As such, while tutorials clearly 
scaffold 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 effective exploration and debugging 
of physical computing projects. The root of this problem lies in 
the fragmented nature of existing support systems, which address 
specific 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 

1https://www.arduino.cc/ 

in hardware context integrated instructions. In sum, existing so-
lutions fall into two categories: offer guidance through structured 
tutorials that need to be pre-authored by an instructor, enforcing 
a specific way to prototype and test a circuit [e.g., 30, 63], or pro-
vide specific 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 different 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 workflow through hardware-contextualized 
guidance and in-situ testing capabilities, effectively linking the hard-
ware with the digital representation of the system (Figure 1). Unlike 
fragmented existing tools, WireWay provides unified 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 configurations. This dual awareness 
enables WireWay to provide circuit-specific 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 (𝑁 = 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 (𝑁 = 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 workflows, hardware-aware in-
structions, and circuit validation. 

2.1 Maker Workflows 
Empirical studies consistently demonstrate that makers naturally 
employ highly personalized and exploratory prototyping strategies 
that promote a growth mindset and effective learning [10, 18, 51]. 
Theoretical frameworks like "reflection-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 effective for supporting diverse learners 
in physical computing education [27]. 

However, this natural approach often conflicts 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-specific sources 
of bugs, highlighting systems thinking perspectives that support 
diverse debugging pathways [16, 48]. The complexity stems from 
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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 
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 workflows 
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 unified 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 effective 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 effective learning beyond mere instructions 
[13, 69]. Augmented breadboard systems offer 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 
offering novel interaction paradigms through different 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 configurations and API usage patterns from 
natural language queries. Visual programming environments such 
as Flowboard [11] introduce flow-based programming that is con-
ceptually closer to circuit diagrams than imperative code, providing 
immediate feedback that better reflects 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 reconfiguration 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-specific tools like SensorViz [33] pro-
vide visualization across prototyping stages, from datasheet specifi-
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 offers a 

distinct advantage by providing adaptive guidance through a con-
versational agent that maintains awareness of both visual circuit 
schematics and physical configurations. This dual understanding 
enables to deliver contextualized support and circuit-specific 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 flow visualization and 
automatic component recognition, but operate independently from 
construction workflows. 

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-specified. 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 
unified debugging experience within the circuit prototyping proce-
dure. Our approach provides automated testing tailored specifically 
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 (𝑛 = 2), computer 
science (𝑛 = 2), mechanical engineering (𝑛 = 2), industrial design 
engineering (𝑛 = 5), and an exploratory major (𝑛 = 1). Partici-
pants reported an average of 2.29 ± 3.47 years of experience with 
embedded systems (range <1 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. 
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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 <1 yr 
P3 F 26 EE 3–4 yrs Verilog <1 yr 
P4 F 19 Exploratory 1–2 yrs Python <1 yr 
P5 F 20 CS 4–5 yrs Python 1–2 yrs 
P6 F 21 ME 1–2 yrs Python <1 yr 
P7 F 25 ID <1 yr Python <1 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 

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 
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 official 
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 verifi-
cation, error recovery, and reflection (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 identified 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 reflected their individual problem-
solving approaches (P1-P2, P9-P12). For example, P1 described 
breaking down the task into reading the photoresistors’ bright-
ness value first, 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 first, 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 effective 
strategy, as acknowledged by P4: "I think that was a problem... I 
have to basically fix 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 first 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 difference 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-specific lan-
guages (i.e., the technical jargon or the name of specific 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 
different strategies for constructing circuits or searching for rele-
vant information online, and that they all value different types of 
information (images or videos) or choose vocabulary that reflects 
their prior knowledge, preferences, and expertise. 

3.2 Challenge 2: Mismatched Between Circuit 
and Tutorial Diagrams 

All participants discussed how differences 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 findings. 
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 
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about LED pin ordering, initially expecting "ground, red, green, 
blue" but finding the actual arrangement was "red, ground, green, 
blue." Two participants (P6, P7) expressed frustration with the way 
power connections (VCC and GND pins) were rerouted directly to 
the components without passing through the breadboard, or how 
different 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 differently 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 different online sources often 
presented conflicting visual representations, "the documentation... 
was different 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 differ-
ent purposes, "two tutorials look similar but were made for different 
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 modification 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 confidence with 
which the circuit can be assembled. 

3.3 Challenge 3: Manual and Iterative Circuit 
Debugging 

Circuit validation emerged as the most significant barrier to suc-
cessful physical computing prototyping. Multiple participants (P5, 
P6, P7, P8) lacked systematic testing knowledge and resorted to 
guesswork rather than methodical verification 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 finding 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 modifications (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 workflows. P9 exemplified 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 specific, 
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 find faults in a circuit by probing it 
(see Appendix B for details). 

4.1 Design Goal 1: Supporting Idiosyncratic 
Prototyping 

To better scaffold makers in their own circuit modifications and 
explorations, WireWay provides personalized guidance that adapts 
to the current circuit configuration 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 
specific circuit, or the characteristics (e.g., pinout) of a specific 
component. With the circuit’s context, the user can ask general 
questions about the circuit configuration (e.g., Is the circuit correct? 
Are there any misconnections?), and by visually selecting specific 
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 
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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 configuration, 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 configurations 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 verification. 

Figure 3: Context-aware component selection workflow 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. 

response using as context the current circuit topology and the 
specified subset of components highlighted through the system 
interface (Figure 3D). 

These mechanisms address Challenges 1 and 2 from the for-
mative study by providing ways for individual builders to have 
different 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 specific 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 

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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Figure 5: Interaction flow of WireWay. (A) Ask Mode: users can select components in context and submit a query. The system 
responds with either textual guidance (no physical action required) or suggestions highlighting where to modify the circuit 
(Figure 6B). (B) Test Mode: users can select which components to test. The system generates test procedures, groups related tests, 
and may require probe connections (Figure 6A). Users can again highlight required I/O pins before running a test sequence. 
Users can submit results to receive processed feedback or interpretation. 

dialogue with the agent, where the user asks the agent to highlight 
a specific pinout of an IC or simply highlight the connections that 
the user should make. Then the system will display a GUI button 
under the chatbox, where the user can click to light up on the 
physical breadboard’s rows of interest (Figure 4B). For example, the 
user might select a 555 IC and ask the system to display where the 
"discharge" pinout is on the physical breadboard. 

These interactions address Challenge 2 from the formative study 
by providing a one-to-one, easy-to-follow, explicit mapping for 
the user to realize the software design in physical hardware. And 

an explicit way that the system can make reference to the in-situ 
location of the component. 

4.3 Design Goal 3: Verifying Circuit via In-Situ 
Tests 

As a response to the formative study Challenge 3, WireWay allows 
users to identify circuit errors via a set of tests dynamically gener-
ated to suit the current circuit, without requiring end developers 
to augment the code or instructors to prepare tests in advance. 
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Specifically, WireWay helps users verify the current hardware con-
figuration and, if it contains a potential mistake, suggests a fix 
accordingly. As a response to the formative study’s Challenge 3, 
WireWay allows users to identify circuit errors via a set of tests 
dynamically generated to suit the current circuit, without requiring 
end developers to augment the code or instructors to prepare the 
tests in advance. Specifically, WireWay helps users verify the cur-
rent hardware configuration and, if it contains a possible mistake, 
suggests to fix accordingly. There are two modes in which the sys-
tem can operate: 1) Ask mode, the default mode where the system’s 
goal is to provide information about the circuit and is limited to only 
making suggestions without assigning any tests. Figure 5A shows 
how user could inquire the system on how they should replace 
the temperature sensor as well as how the system would response 
with text and suggestions; or 2) Test mode, where the system’s 
goal shifts to help users localize bugs by providing physical circuit 
tests that ask the user to perform an action and collect relevant 
data. For example, Figure 5B shows how the user can request the 
system to test one of the LEDs in the circuit. The system replies 
back with a simple voltage output test that the user can perform. 
The user can highlight where to connect output probes with the 
"blink" button. After connecting all the required connections, the 
user then performs the test and sees how the LED responds to the 
voltage output graph. After seeing that the LED lights up fine, the 
user can submit the result, and the system replies with a result 
analysis. The user can choose the system operation mode via a 
toggle button (Figure 2F). 

4.3.1 Test and Suggestion Types. The system provides 3 types of 
in situ tests and 2 types of suggestions that the conversation agent 
is capable of (Figure 6). These tests and suggestions are generated 
on demand upon user requests or suggested by the system as a 
result of a previous question. The three tests consists of 1) Voltage 
Measurement Test is assigned when the system wants to probe 
a part of the circuit for its voltage value (Figure 6A) 2) Signal 
Output Test is assigned when the system wants to see how a 
certain component respond to a digital high and low (Figure 6B). 
3) Visual Inspection Test is assigned when the system wants 
the user to observe a certain behavior of a circuit like whether 
an LED respond to a button press (Figure 6C); Voltage and Signal 
Output tests probe the existing circuit by generating a time-varying 
voltage signal through the augmented breadboard built-in Digital-
to-Analog Converter (DAC). The two suggestions that the system 
can make are 1) Connection Suggestion, which suggests the user 
to correct a possibly miswired connection at certain rows (Figure 
6D); 2) Component Suggestion, which suggests the user to add a 
component to the identified place on the breadboard (Figure 6E). 

4.4 Implementation 
WireWay integrates a modified Fritzing application [35] with un-
modified BlinkBoard [8]; an open-sourced extended breadboard 
featuring row-indication LEDs and analog/digital I/O pins. The 
BlinkBoard [8] was chosen for simplicity in both user interaction 
and software implementation, controlled over a USB serial com-
munication using JSON command format. The control commands 
consisted of: (1) executing row-indicator LED patterns (on, off, 
blinking, or blinking slowly); (2) outputting voltage or pulse-width 

Figure 6: Five types of adaptive tests and suggestions gener-
ated by WireWay. Test Mode provides three diagnostic test 
types: (A) Voltage Measurement Test for probing circuit volt-
ages at specific locations, (B) High/Low Voltage Pattern Test 
for analyzing the circuit response to digital signal behavior 
over time, and (C) Visual Inspection Test for observing com-

ponent responses to user interactions. Ask Mode generates: 
(D) Connection Suggestion for correcting miswired, and (E) 
Component Suggestion for adding missing circuit elements. 

modulation (PWM) from output pins; and (3) reading voltage inputs 
from the input pins. The architecture comprises: (1) a user fron-
tend application developed as a Fritzing extension (Figure 7A); (2) a 
Node.js backend server to communicate with the OpenAI API and 
the hardware (Figure 7D), and (3) a BlinkBoard that communicates 
with the server (Figure 7E). The server effectively bridges between 
the Fritzing frontend (via stdin/stdout), the augmented hardware 
(via serial), and the OpenAI o4-mini model2 . 

The Fritzing frontend extension (Figure 7A) provides an interface 
for the user to 1) enter a query prompt; 2) select between ’ask’ and 
’test’ mode; 3) add component contexts to the query prompt; 4) 
update the schematic configuration context; 5) interact with all the 
tests; and 6) control the augmented breadboard LED activity and I/O 
pins. All of which are sent to be processed in the backend. To include 
component context in the query, the frontend application extracts 
component metadata, including component identifiers, names, and 
pin connection mappings, and passes it to the server along with the 
subsequent query that the user sends. The frontend displays the 
response generation status like "thinking" or "adding tests" (Figure 
7B) to give visual latency feedback. The frontend was developed 
and implemented in C++, using the QT framework. 

The backend (Figure 7D) handles forwarding and structuring the 
user’s query prompt to the OpenAI response API. Before sending 

2https://openai.com/api/ 

https://openai.com/api/
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Figure 7: WireWay system architecture showing the data flow and processing pipeline. (A) The frontend Fritzing extension 
captures user interactions and (B) displays system state while preparing answers or tests (C) and circuit designs, generating 
XML netlists that are converted to YAML format by the backend. (D) Node.js server maintains conversation history, mode 
state, schematic context, and component selections while orchestrating AI queries through OpenAI API integration. (E) The 
augmented breadboard receives control commands and component highlighting instructions for real-time physical guidance. 

the query, the server evaluates system state changes (e.g., mode 
changes, schematic updates) and incorporates relevant component 
context (if any) into the conversation array with the ’developer’ role 
designation. User input messages are subsequently appended with 
the ’user’ role designation. Initial system activation triggers the 
inclusion of comprehensive system instructions to establish opera-
tional parameters. The conversational agent extends its capabilities 
beyond textual responses through structured function calls that en-
able hardware control operations, including augmented breadboard 
LED activation sequences and schematic state queries. Function 
call implementations utilize predefined parameter schemas to en-
sure predictable agent behavior and maintain system reliability. 
Function call also allows the agent to generate context-aware tests 
for the user. Testing functions are exclusively available during Test 
mode operation, preventing inadvertent activation during standard 
conversational interactions. Each test function incorporates hard-
ware constraint specifications within its parameter schema (e.g., 
valid breadboard row ranges 1-50, timing parameters specified in 
milliseconds) to ensure safe and bounded operation. Upon receiving 
the XML netlist from the frontend as a result of the user updating 
the schematic context (Figure 7C and 2G), the server passes the 
netlist to a Rust-based binary parser that processes the XML, re-
moves redundant information (e.g., duplicates and empty rows), 
and converts it to YAML format. 

The breadboard can be controlled via serial communication and 
JSON commands (Figure 7E). The server provides endpoints that ac-
cept augmented breadboard control parameters for the frontend to 
interface with. The conversational agent accesses identical function-
ality via structured function calls. After receiving a control request, 
the server generates the corresponding JSON and transmits it to 
the board via serial communication. The breadboard also supports 
voltage measurements through built-in ADC pins and digital signal 

output via configurable digital pins, with measurement results re-
turned to the frontend application for display. The system achieves 
a latency of 8.23 ± 0.69 ms for voltage output commands and 12.25 
± 0.44 ms for analog read commands, measured across 500 repeated 
trials. Voltage values are addressed at millivolt resolution in the 
firmware, enabling theoretical precision to 1mV. 

5 User Study 
To evaluate how makers with diverse backgrounds adopt differ-
ent physical prototyping practices, we conducted a usability study 
with WireWay. Our research question focused on understanding 
how users leverage hardware-contextualized guidance and in-situ 
testing capabilities during physical circuit prototyping, examining 
both individual workflow preferences and system effectiveness. We 
designed a controlled study where participants worked with the 
identical circuit containing deliberate bugs to observe and com-
pare behavioral patterns and problem-solving approaches. Both 
quantitative metrics (completion times, error rates, feature usage, 
post-task survey) and qualitative insights through semi-structured 
interviews were collected to evaluate how the system supports 
personalized circuit construction workflows. 

5.1 Participants 
We recruited fifteen participants in total through our institution’s 
online community post. Three were excluded from analysis: who 
could not understand the task within the allotted time; due to a 
system malfunction where the AI model failed to surface the re-
quired circuit bug; due to a conflict of interest. Our analysis, there-
fore, includes twelve physical computing makers (7 male, 5 female; 
age=24.92 ± 2.84). The participants had backgrounds in computer 
engineering/science (𝑛 = 2), electrical engineering (𝑛 = 1), indus-
trial design (𝑛 = 7), culture technology (𝑛 = 1), and physics (𝑛 = 1); 
three of them participated in our formative study (P3: formative P1, 
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Table 2: Participant demographics and prior experience 

ID Gender Age Major Programming Physical Computing AI Use 

Exp. Lang. Exp. Edu. Prj. 

P1 M 26 CE 4–5y C++ 3–4y Univ. course 5+ ChatGPTa, b 

P2 M 30 CS 4–5y Go 1–2y Univ. course 3 Copilotc 
P3 M 29 EE 13y C, SystemVerilog, Python 13y Univ. course 5+ Chatbotc 
P4 M 23 Physics 1–2y Python < 1y High school 1 None 
P5 M 27 ID, HCI 4–5y Python 4–5y Workshop, Univ. 5+ ChatGPT, Geminia, d 

P6 F 25 ID 3–4y C 2–3y Univ. 5+ ChatGPTa 

P7 M 22 ID < 1y Python 1–2y Univ. 2 ChatGPTd 

P8 F 25 CT 5–6y Java 5–6y Self-taught 5+ ChatGPTa 

P9 F 24 ID 1–2y Python 1–2y Univ. 2 ChatGPTa 

P10 F 25 ID 3–4y C 1–2y Self-taught 2 ChatGPTa 

P11 M 20 ID 4–5y Python 4–5y Univ., MOOC 5+ Claude, ChatGPTb 

P12 F 23 ID 1–2y C, Python 2–3y Workshop, Univ. 4 ChatGPTb 

a Circuit debugging and troubleshooting b Code generation or refinement c Data analysis/library assistance d Circuit assembly and design 

P9: formative P10, P12: formative P8). All participants reported prior 
education in physical computing, moderate confidence in physical 
computing (2.9 ± 1.5 out of 5-point Likert scale), and similar confi-
dence in software development (3.1 ± 1.2 out of 5-point Likert scale). 
All have successfully built more than 2.33 ± 1.03 physical comput-
ing projects; eleven participants have used a Large Language Model 
aid for hardware prototyping (Table 2). 

5.2 Materials and Method 
Each study session lasted approximately 90 minutes and consisted of 
five parts: informed consent with demographics survey (10 minutes), 
system introduction (5 minutes), a circuit building task (55 minutes), 
post-task evaluations (5 minutes), and a semi-structured interview 
(15 minutes). All participants received compensation equivalent to 
$15 USD in local currency. Two authors were present throughout 
each session, with one leading the study and providing system 
tutorials while the other documented participant activities and 
behaviors for analysis. 

System Introduction After collecting demographic informa-
tion, one author introduced participants to WireWay using a pre-
pared software schematic in a live demonstration format. Partic-
ipants were systematically walked through each system feature, 
including schematic editing, component highlighting, LED blinking 
functionality, Ask mode for conversational guidance, and Test mode 
for circuit validation. One author answered any questions about the 
system, ensuring participants understood all available functionality 
throughout the construction task. Participants explored the system 
features freely to familiarize themselves with the interface. 

Circuit Construction Task We adapted Project 3: Love-O-
Meter from the Arduino Projects Book [21], selecting it as a beginner-
to-intermediate project to simulate the common maker scenario of 
discovering an online circuit diagram and adapting it for personal 
use. This workflow typically requires debugging, component substi-
tution, and circuit modification based on available components and 
project requirements. Participants received a partially completed 
Love-O-Meter circuit within our schematic design interface and 
were asked to: (1) replace the original temperature sensor with a 
flex sensor, and (2) identify and fix bugs within the LED circuit 
(Figure 8). The task was designed to resemble an ecologically valid 

Figure 8: Circuit modification tasks. Task 1 focuses on flex 
sensor subcircuit: (A) replacing the temperature sensor with 
a flex sensor, and (B) constructing a voltage divider. Task 2 
addresses LED subcircuit troubleshooting: (C) adjusting re-
sistance values, and (D) correcting LED polarity connections. 

scenario with participants leveraging WireWay for circuit mod-
ification while working with a schematic diagram that partially 
matches their needs. Participants could complete these tasks in any 
order within the allotted timeframe and were not informed about 
the specific number of bugs to find. We allocated 55 minutes for 
task completion, providing additional time beyond the original 45-
minute recommendation to account for the system learning curve 
and debugging requirements. To focus the study scope on hard-
ware construction, functional code was provided and accessible 
throughout the task, and all necessary electronic components were 
supplied at the beginning of each session. 

Post-Task Debrief Following task completion, participants com-
pleted post-task measurements including the System Usability Scale 
(SUS), NASA Task Load Index (TLX), Trust in Automation (TiA) 
matrix, and seven custom questionnaires evaluating system capa-
bilities (Appendix C). We conducted semi-structured interviews 
covering task outcomes, prior experience with LLM-assisted hard-
ware prototyping, and system usage observations (Appendix D). 

5.3 Data Collection and Analysis 
We recorded participant actions through screen capture and exter-
nal camera footage to document their building process for subse-
quent analysis. We analyzed quantitative data using descriptive 
statistics and Pearson correlation analysis to examine relationships 
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Figure 9: Comprehensive timeline of all participant sessions. Each row represents one complete session: green (Ask mode usage), 
yellow (Test mode usage), gray striped Task 1 and Task 2. 

among experience measures, usability ratings, trust levels, and task 
performance. Scale reliability was assessed using Cronbach’s alpha, 
with significance testing at p < 0.05 for correlation analysis. Inter-
views were transcribed, translated to English, and analyzed using a 
general inductive approach with coding consistency verification 
between two authors [59]. When quotes received multiple codes, 
authors discussed until reaching consensus, prioritizing codes based 
on user intent and system design relevance. Following coding com-
pletion, we grouped codes into higher-level themes for presentation 
alongside quantitative results in the subsequent section. 

6 Results and Findings 
Nine out of twelve participants successfully completed working 
circuits (37′34′′ ± 12′54′′ , range 14′42′′ -50′00′′), with a temporal 
distribution of system feature usage (Ask mode, Test mode) and 
task progression across all participants (Figure 9). Three partici-
pants failed: P2 and P4 could not design the replacement voltage 
divider, and P10 used incorrect resistor values due to color band 
misidentification. The system chat response time averaged 8.91 
± 5.13 seconds, with maximum response time being 36 seconds 
and minimum being 2 seconds. The overall usability of WireWay 
was evaluated with an average SUS score of 70.4 ± 15.2 out of 100, 
indicating above-average usability [5]. The reported cognitive load 
from NASA TLX averaged 42.8 ± 10 out of 100, representing a 
moderate workload with balanced mental and physical demands. 
TiA scores averaged 3.74 ± 1.04 out of 5, indicating moderate to 
high trust levels. All scales demonstrated acceptable to excellent 
reliability: SUS (𝛼 = .843), TiA (𝛼 = .82), and system evaluation 
questionnaire (𝛼 = .707). 

6.1 Diverse Circuit Construction Approaches 
Participants demonstrated highly individualized circuit construc-
tion approaches with substantial variation in entry points, task 
progression (Figure 10), and circuit design (Figure 11). Behavioral 
analysis revealed three workflow archetypes: Linear-progressors 
(P1, P5, P8, P10-P12) maintained longer activity blocks with mod-
erate guidance-seeking; Test-integrated participants (P2, P3, P6) 
frequently alternated between construction and validation; Con-
versation heavy participants (P4, P7, P9) relied extensively on Ask 
mode guidance with minimal testing. 

Task-Switching Frequency Participants exhibited significant 
variation in task-switching complexity, with an average of 9.3 ± 
5.3 activity transitions per session (range 2-17). Nine of twelve 
participants began their session using the Ask feature to gather 
information about Task 1 or the overall study context, while the 
remaining three immediately started by editing the schematic, in-
dicating different cognitive entry points into the problem space 
(Figure 9). The system’s support for idiosyncratic workflows is 
clearly demonstrated through the distinct color patterns and di-
rectional progressions in the timeline data, ultimately resulting in 
diverse yet functionally equivalent circuit implementations (Figure 
11). The most frequent initial question concerned Task 1 (P3-P10, 
P12), with a subset of these questions (P7-P8, P10, P12) specifically 
asking about replacing the temperature sensor with it. 

Progression Patterns Experienced participants (4+ years: P1, 
P8, P11) demonstrated non-sequential task progression, moving 
freely between circuit sections based on debugging insights, with 
higher task-switching rates (M=0.26 switches/min) compared to 
novices with under two years of experience (P2, P4, P7; M=0.17 
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Figure 10: Timeline showing distinct workflow patterns of three representative participants. Each row represents one partici-
pant’s session, with icons for different activities (schematic editing, physical construction, testing, and asking the system). 

Figure 11: Breadboard circuit implementations by all study participants (N=12), demonstrating individual variation in compo-

nent placement, wiring strategies, and circuit organization approaches for identical functional requirements. Panel A shows 
Task 1 implementations, Panel B shows Task 2 implementations. 

switches/min). Figure 10 illustrates these patterns across three rep-
resentative participants. P6 exhibits a test-integrated approach, 
frequently alternating between construction and testing valida-
tion. P8 demonstrates a linear-progressive workflow, systematically 
progressing through tasks with sustained activity blocks and mini-
mal testing. P9 represents a conversational-heavy archetype, with 
extensive Ask mode usage distributed throughout the timeline. 

Multilingual Usage Participants demonstrated personalized in-
teraction preferences with both software and hardware components. 
Some participants (P10, P12) interacted in their native language 
without instruction, demonstrating the system’s natural language 
processing capabilities. P7 explicitly requested broader language 
support: "There’s nothing else besides English (that I want to change 
with the system); I wanted language support other than English." 
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Schematic-Hardware Visual Matching Participants showed 
strong preferences for maintaining visual consistency between 
schematic representations and physical implementations. P9 appre-
ciated exact connection matching: "This was very convenient because 
if I clicked [the component in the schematic software], it blinked. So 
I could check exactly." Some participants even implemented color-
coding strategies to maintain visual consistency. When asked about 
changing wire colors in the software, P11 explained: "Yeah, so I 
think it’s also related to my working habit. This time I was only able 
to use the jumper cables from the box, but originally whenever I’m 
working, I tried to use color coding so that I can select and identify 
the wire that I’m working on." 

6.2 Hardware-Contextualized Guidance 
Hardware-software integration proved valuable for reducing the 
communication overhead typically required with AI assistants on 
physical computing tasks. All participants utilized contextual guid-
ance features, sending 166 messages, including 77 with highlighted 
components for enhanced context. 

Contextual Component Reference All participants used pro-
nouns as references when communicating about circuit compo-
nents, with 70 pronoun instances across 77 highlighted component 
interactions (Table 3). Most frequent references were "this", "it", and 
"here" with their equivalents, demonstrating reliance on contex-
tual awareness rather than precise component identifier. Commu-
nication logs revealed 8 instances of native language contextual 
references occurring naturally without multilingual instruction. 
In 100% of component-related communications with component 
selection, participants used deictic references instead of specific 
names, indicating significant communication overhead reduction 
compared to traditional text-based AI assistants. Examples include 
P12 asking "I am not sure where to add this" while highlighting a 
220Ω resistor, and P11 inquiring "Is it properly connected?" when 
referencing a highlighted resistor. 

Table 3: Contextual pronoun usage in component-

highlighted conversations 

Pronoun Type Uses Percentage Examples 

“this” & equivalents 29 41.4% “I am not sure where to 
add this.” 

“it” & equivalents 19 27.1% “Is it properly connected?” 
“here” & equivalents 7 10.0% “Can I put the component 

here?” 
“these” 5 7.1% “How do I connect these?” 
“they/them” 4 5.7% “Where should they go?” 
“that” 3 4.3% “What does that mean?” 
“there” 2 2.9% “Put the wire there.” 
“now” equivalent 1 1.4% “What about now?” 
Multilingual 8 11.4% Native-language contextual 

references. 

Eliminating Manual Circuit Explanation The system’s cir-
cuit state awareness eliminated extensive verbal descriptions typi-
cally required for general-purpose AI assistants. P2 highlighted this 
advantage: "It is very uncomfortable using ChatGPT [to manually 

say about the context all the time]. I think that is the advantage of the 
system that I can just add context by clicking the button, and I don’t 
need to explain details of pins or preferences." P7 emphasized: "Using 
an assistant like this means I don’t have to explain to GPT how the 
circuit is structured, and that’s the difference." Contextual awareness 
from schematic updates and component highlighting enabled auto-
matic error detection without explicit requests. P8 appreciated, "I 
don’t remember the color of each resistor, which color means which 
value, but system automatically found that I used the wrong resistor... 
that automatic thing was quite convenient for me." 

Direct Hardware Guidance Through LED The component 
blinking on the breadboard demonstrated high adoption rates and 
significant correlations with system trust measures. All partici-
pants except P12 utilized the Blink feature, generating 297 total 
highlighting interactions across sessions. The system supported 
three distinct highlighting modalities: self-initiated position veri-
fication (𝑛 = 84), AI-guided blinking (𝑛 = 11), and test-integrated 
highlighting (𝑛 = 32). Position-based highlighting had the highest 
adoption, with 11 of 12 participants using it to verify component lo-
cations. Usage patterns varied significantly: P2 engaged the highest 
(21 position clicks, 34 total interactions) while P12 showed no us-
age. P12 explained: "Checking whether resistors or LEDs are properly 
connected in a straight line on a specific row seems more important.", 
preferring manual connection checking. P2 contrasted: "I used to get 
lost in wiring the board, but the visual assistant is very comfortable." 
System-guided highlighting was used by only 3 participants (P1, 
P2, P5), while test-integrated highlighting was adopted by 7 par-
ticipants. Strong correlations emerged between highlighting usage 
and system trust: AI-guided blinking users reported lower system 
malfunction concerns (𝑟 = −0.71, 𝑝 = .009), while frequent posi-
tion verification users demonstrated higher confidence in system 
capabilities (𝑟 = 0.62, 𝑝 = .030). 

Validation of AI Recommendations LED highlighting spatial 
guidance received widespread appreciation, with participants find-
ing visual cues more intuitive than text-based instructions alone, 
supporting both autonomous exploration and system-guided assis-
tance. Participants appreciated contextual awareness but remained 
appropriately critical of AI suggestions. P3 exemplified this balance: 
"I did not trust the chatbot with the actual value of this pressure sensor... 
And I was kind of right. My gut feeling was right because in the end, 
we saw that I had to change the resistor a couple of times." Participants 
who better understood system reasoning found schematic-board ac-
tion connections clearer (𝑟 = 0.78, 𝑝 = .003). Those appreciating the 
system’s complex task handling were less concerned about poten-
tial errors (𝑟 = −0.77, 𝑝 = .003). P3 described: "The LED highlighting 
was pretty nice... the most helpful thing... if I just had a schematic, it 
would be an initially much more overwhelming task to start." 

6.3 Ad Hoc Test Generation for Circuit 
The testing capabilities proved highly popular, with 7 out of 12 par-
ticipants actively using Test mode, demonstrating the system’s abil-
ity to automatically generate appropriate tests based on schematic. 

Simplified Testing Setup Participants valued testing without 
code modifications or complex hardware reconfiguration (P2-P10). 
P6 explained: "I also like the test parts, so I don’t need to re-upload 
test codes." P7 emphasized workflow benefits: "When testing a set, if 
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you’re working alone and just building something, you’d normally 
have to remove it, make a test setup, try it again, then upload it. But 
with this, you just plug in one wire, and that’s it." P3 added: "[I want 
to have more test types] to be platform specific ... for sweeping the 
voltage for the analog input pin." Contextual awareness of circuit 
topology enabled automatic test procedure generation. The system 
eliminated overhead from creating additional testing setups with 
multimeters and writing dedicated testing code by understanding 
component testing needs and automatically suggesting relevant 
measurement approaches. 

Figure 12: P6’s circuit debugging workflow demonstrates: 
(A) initial problem identification reporting excessive sen-
sor noise, (B) conducting system-suggested diagnostic tests 
to measure flex sensor noise levels, (C) requesting solution 
guidance, (D) implementing the recommended circuit modi-

fication, and (E) verification tests to confirm noise reduction. 

Component-Specific and Whole-Circuit Testing The sys-
tem’s contextual awareness further streamlined testing by under-
standing circuit context without manual explanation. P6 appreci-
ated not having to explain setup textually nor visually with pictures: 
"I usually use ChatGPT and I ask it to make some skeleton calls when 
I have some error on the code, I asked AI to fix it. And sometimes 
when the circuits, I think when the error comes from the circuit, I take 
pictures and let AI figure out what." The ability to test individual com-
ponents proved invaluable for problem isolation, as demonstrated 
in Figure 12, where P6 systematically identified and resolved noise 
issues with the flex sensor. P6 expressed a desire for even smarter 
automation: "I want to say I want to test this sensor and it can auto-
matically switch to Test mode and test for me." Strong correlations 
emerged between testing effectiveness and overall system trust, 
with participants who found tests helpful for fault isolation showing 
higher confidence in system capabilities (𝑟 = 0.67, 𝑝 = .017). 

Test Results Analysis Participants who could distinguish re-
liable from inconclusive test results showed stronger correlations 
with system-suggested measurement accuracy (𝑟 = 0.79, 𝑝 = .002), 
indicating that effective result interpretation was crucial for leverag-
ing the testing capabilities. However, during the testing experience, 
several participants struggled with interface confusion and incon-
sistent results. P2 noted: "I am confused about the ability of Ask 
mode and testing mode because I didn’t spot the major difference." P6 
experienced frustration when testing failed: "I tried adding the pull-
down resistor, but I failed actually because ChatGPT recommended 
me the wrong resistor value. And I tried to use the serial monitor to 
see the noise for the flex sensor, but it was not a very good experi-
ence." This confusion led some participants (P8, P11) to bypass Test 
mode entirely, preferring the serial monitor instead. Despite these 
interface challenges, the underlying functionality successfully sup-
ported debugging workflows when participants understood how 
to interpret the results. Additional correlations demonstrated that 

participants who found measurement suggestions accurate were 
more confident in system capabilities (𝑟 = 0.64, 𝑝 = .024), and those 
who understood test outcomes showed higher system reliability 
ratings (𝑟 = 0.66, 𝑝 = .020). 

6.4 System Reliability and Usage Context 
Feedback 

System Trust and Acceptance Strong correlations emerged be-
tween system acceptance and trust mechanisms, revealing spe-
cific relationships relevant to system design. Participants’ intention 
for frequent use was strongly associated with system reliability 
(𝑟 = 0.88, 𝑝 < .001), while those who found system functions well-
integrated showed reduced unpredictability concerns (𝑟 = −0.83, 
𝑝 < .001). Prior AI experience showed no relationship with task per-
formance (𝑟 = 0.00, 𝑝 = .994), while physical computing experience 
did not significantly predict system evaluation ratings (𝑟 = 0.25, 
𝑝 = .440), indicating WireWay successfully accommodated users 
regardless of technical background. 

Educational and Professional Applications Interview analy-
sis revealed distinct usage patterns across educational and profes-
sional contexts. Most participants identified educational potential 
with conditions. P3 explained: "I would really see this as at a pre-
university electronics courses, such as in science high school or Robotics 
classes... especially teenagers would love this idea." However, P9 coun-
tered: "I would not recommend using this project if you’re a kid and 
you want to learn hardware, because... they tell us everything, and 
you just copy what it is. So at the end of the day, you end up learning 
nothing." This highlights the importance of balancing assistance 
with learning opportunities. Beyond education, participants identi-
fied value for non-engineers in creative projects. P3 and P11 noted 
applications for interaction artists, with P11 mentioning: "when 
they don’t know about the detailed technical aspect. They will find 
it really helpful." The system’s value extended to personal project 
development. P6 exemplified, explaining how the system solved her 
flex sensor project: "I am using this flex sensor for my personal project 
now, and this sensor was a little tricky because I cannot see what’s 
happening and why the noise is huge. And I tried the same method, 
adding the pulldown resistor, but I failed... ChatGPT recommended me 
the wrong resistor value." Through guided testing, she learned that 
the flex sensor required a proper voltage divider configuration. P6 
appreciated reduced trial-and-error: "was really helpful for educa-
tional things because before I went through many trials and errors, I 
would make so many mistakes, like name changes, wrong resistors, or 
broken circuits. So it’s beneficial because it firstly makes the circuits in 
the software and then goes to here [breadboard], and I really like the 
blinking for where you should put the wire, because sometimes I think 
that I did it correctly, but actually I did it wrong." This demonstrates 
how WireWay bridged formal learning in practical applications. 

Circuit Complexity Considerations Participants had mixed 
perspectives on complex circuit usage. Multiple participants indi-
cated they would not use the system for highly complex circuits. 
P9 emphasized utility for smaller components: "if it’s a small part 
of the task of the bigger picture, I think it’s fine." also P10 explained, 
"It’d not be useful for people who’ve already designed so much [be-
cause then they need to add all of their circuit design in software], 
would be better just to casually make from the beginning." However, 
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some participants suggested usefulness for complex circuits, noting 
potential applications in custom PCB design. P8 mentioned: "I can 
imagine also having a custom PCB board to use with this system, as I 
can just upload that PCB file to use the system." This suggests diverse 
application opportunities while highlighting the need for improved 
interface clarity and assistance-learning balance. 

7 Discussion 
The formative study highlighted three key challenges among mak-
ers for physical computing prototyping, leading to our three design 
goals: DG1) personalized guidance adapting to individual circuit 
contexts; DG2) hardware-contextualized visual guidance bridging 
schematics with physical construction; and DG3) context-aware 
testing generating validation procedures for specific configurations. 
All participants adopted these core capabilities, revealing distinct 
workflow archetypes through personalized approaches, widespread 
use of pronoun-based contextual communication over technical 
terminology, and effective hardware-aware debugging. Participants 
valued WireWay’s usefulness while noting mode confusion and 
concerns about balancing assistance with learning opportunities in 
educational contexts. 

7.1 Physical Circuits as Spatial Language 
Our approach presents hardware-software interaction as a com-
munication problem, building on Miyake [50]’s work explaining 
that conceptual viewpoints are reflected in spatial language during 
collaborative understanding of complex physical devices. The dis-
tinctive contribution lies in combining real-time schematic parsing 
with conversational interaction to support makers’ idiosyncratic 
workflows [10] from arbitrary starting points. This addresses the 
formative study’s first challenge of diverse construction strategies, 
as evidenced by the distinct workflow archetypes (test-integrated, 
linear-progressive, conversational-heavy) that emerged during eval-
uation. Addressing the second challenge of schematic-physical mis-
match, WireWay maintains awareness of exact circuit topology 
rather than requiring users to manually bridge between representa-
tions while enabling natural spatial communication patterns. This 
dual capability of understanding both the precise technical state 
and the conversational context enables support for individual pref-
erences and non-linear exploration that characterizes authentic 
maker practices [48]. The key insight is that when systems under-
stand circuit context, users intuitively abandon technical identifiers 
in favor of deictic references, mirroring a natural communication 
strategy of humans in physical spaces. 

Previous hardware guidance approaches span instruction de-
livery systems [8, 32, 53], conversational interfaces for step-by-
step guidance [12, 30], structured tutorial frameworks [56, 63], and 
example-based exploration tools [49]. Our communication para-
digm builds on foundational work in constructive interaction [50] 
and conversation with materials [60], yet differs by combining 
real-time schematic parsing with contextual communication. While 
existing tools assume predetermined workflows, WireWay com-
bines technical analysis and natural dialogue from arbitrary circuit 
origins. This distinction allows complementary use: providing con-
textual guidance wherever users begin without disrupting explo-
ration patterns, alongside structured instruction systems. 

Our work suggests a fundamental design principle: automated 
context understanding enables personalized communication. Sys-
tems that parse domain-specific state can support natural human 
communication patterns rather than forcing conformity to predeter-
mined workflows. For HCI, this implies combining deep technical 
awareness with adaptive interaction paradigms that accommodate 
diverse user preferences, from multimodal interfaces supporting 
different sensory modalities [52] to tutorial mediums that affect 
physical skill transfer [20]. By supporting inquiries about arbitrary 
component models rather than requiring predetermined sets, Wire-
Way enables makers to utilize existing materials, potentially sup-
porting sustainable making practices through component reuse and 
reduced e-waste in prototyping activities [45, 68]. These findings 
extend beyond electronics to broader physical manipulation con-
cerns [55], contributing to physical computing’s foundational goals 
[54] through intelligent mediation rather than rigid instruction. 

7.2 Debugging Circuits as an Inquiry 
Addressing the third challenge of manual and iterative debugging, 
we reframed circuit debugging from a diagnostic skill to a collabo-
rative inquiry process, building upon Interrogative Debugging [36], 
where programmers ask "why did" and "why didn’t" questions about 
program failures. Instead of requiring users to hypothesize error 
sources and manually construct test procedures [16], our approach 
treats the circuit itself as an active participant in the debugging 
conversation. This shifts the cognitive burden from error localiza-
tion to result interpretation, democratizing debugging capabilities 
while preserving learning opportunities [25]. 

Physical computing debugging approaches typically require sig-
nificant technical expertise [29, 46], explicit hypothesis formulation 
[1], predefined testing frameworks [63], or manual interpretation 
of visualization data [66, 67]. Software-focused advances [9, 47] 
and real-time manipulation tools [58] with structured logging ap-
proaches [28] operate independently from circuit construction con-
texts. Our collaborative inquiry approach, inspired by foundational 
"why" questioning work [36, 37], transforms debugging from di-
agnostic skill to guided exploration. Educational research [26] em-
phasizes diverse debugging pathways, aligning with our democra-
tization goals. WireWay complements existing tools by providing 
circuit-aware test generation that adapts to any hardware configu-
ration, reducing expertise barriers while preserving learning value 
and maintaining appropriate trust in automated systems [38]. 

Our findings reveal that effective debugging tools should func-
tion as mediators of inquiry rather than diagnostic instruments, 
suggesting a design philosophy where tools scaffold exploration 
rather than prescribe solutions. This points toward debugging inter-
faces that emphasize collaborative sense-making between human 
intuition and computational analysis, with broader implications 
for any domain requiring iterative refinement of complex systems. 
However, three critical obstacles emerge for LLM-based assistance 
in maker contexts. First, over-reliance risks may undermine the 
productive struggle essential for developing debugging expertise 
[25, 51], a concern increasingly recognized in educational AI sys-
tems [14]. Next, while LLMs help bridge vocabulary gaps, the sys-
tem may respond with technical terminology (e.g., cathode) that 
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novices may struggle to translate without visual or contextual sup-
port. Lastly, this challenge could be compounded by cultural and 
dialectal biases in language models [64] that may exclude non-
English speaking makers. Future tools could balance automation 
with agency through adaptive support that fades as competence 
develops [56], while addressing language barriers to ensure users 
remain active participants rather than passive observers in trou-
bleshooting processes. 

7.3 Limitations and Future Works 
We acknowledge WireWay’s current implementation presents soft-
ware and hardware limitations that offer opportunities for enhance-
ment. 

Software Design: While the Ask/Test mode separation functions 
as a fail-safe, this distinction created confusion among participants, 
suggesting mode selection based on user query and conversational 
context. Enhanced AI prompt pipelines could infer user intent by 
simultaneously processing natural language input, schematic state, 
breadboard connections [e.g., 67], and code environments. Added to 
current pin highlighting for voltage outputs, future systems could 
introduce explicit feedback mechanisms: mode clarification through 
confirmation dialogs when users switch modes (e.g., "Proceed for 
testing?") to help users understand system state, and safety warn-
ings before voltage outputs (e.g., "Outputting 5V at A0. Proceed?") 
to prevent component damage and encourage safety practices [39]. 

Hardware State: Our system cannot physically sense compo-
nent presence, identity, or connection topology unlike CircuitSense 
[67] or CurrentViz [66]. Users still need to verify the synchro-
nization manually to ensure the schematics match those on the 
breadboard, compounded by LED visibility issues, as participants 
reported eye strain and difficulty distinguishing specific breadboard 
rows, particularly under varying lighting conditions. Future works 
could explore automated circuit sensing or alternative indication 
methods such as directional lighting, improved LED diffusion, or 
augmented reality overlays [22, 31] that could both guide compo-
nent placement and assist users in verifying circuit state. The pins 
can output basic electronic signals (e.g., analog voltage, PWM), 
and read analog voltage. Subsequent iterations can integrate more 
advanced input/output protocols, like UART, I2C, or SPI, to assist 
testing digital components. The 25-row breadboard constrains the 
complexity of circuits. Future hardware iterations could house a 
larger breadboard or enable multi-board configurations via com-
munication ports. Software could also support virtual component 
placement beyond the physical board [31]. 

Evaluation Methodology: Our usability study introduces three 
constraints that limit generalizability and comparative assessment 
with other systems. Firstly, the study involved simple circuits with 
moderate component density, limiting transferability to more com-
plex configurations. Future studies should investigate more complex 
circuit configurations in longitudinal settings to examine skill trans-
fer and retention over extended periods. Second, the absence of 
baseline comparisons prevents direct quantification of WireWay’s 
advantages over traditional or existing tools like [12, 30]. Addition-
ally, the formative study restricted participants from using LLMs 
beyond Google’s default AI summaries to establish baseline chal-
lenges, while WireWay’s core support derives from LLMs. Further 

studies should incorporate controlled comparisons with conven-
tional approaches, established tutorial systems, general-purpose AI 
assistants, and separate tool combinations (e.g., LLMs with stan-
dalone schematic design software) to validate the integration value. 
Third, participant recruitment focused primarily on university stu-
dents with moderate physical computing experience, limiting in-
sights about effectiveness across diverse skill levels and cultural 
contexts. Expanding evaluation to include professional makers, 
educators, and participants from varied educational backgrounds 
would strengthen claims about universal applicability. 

8 Conclusion 
We presented WireWay, an integrated development environment 
that bridges circuit design software and physical construction, 
through hardware-contextualized guidance and in-situ testing ca-
pabilities. It allows makers to interact with an AI that maintains 
real-time awareness of both visual circuit schematics and physical 
configurations, supported by LED-based spatial guidance on an 
augmented breadboard and automatically generated context-aware 
tests. The system accommodates personalized building workflows 
by enabling natural contextual references to circuit components 
and eliminating the need for separate testing setups. The system 
was designed based on formative studies with makers and was eval-
uated with 12 participants across circuit construction tasks. Results 
show that participants successfully adopted all main features, with 
three distinct workflow archetypes emerging while maintaining 
high completion rates and universal accessibility across technical 
backgrounds. Future work will explore automatic mode change 
through enhanced prompt pipelines, hardware improvements such 
as circuit sensing and augmented reality overlays, and longitudinal 
evaluations with diverse maker populations. 
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A Formative Study: Interview Protocol 
We include here the full set of interview questions used in the 
formative study. 

(1) How did you decide on the keywords or sites you used? 
(2) Were there any search results you ignored right away? Why? 
(3) Which media format of information did you go to first, and 

why? 
(4) Were there moments you switched formats? What triggered 

the switch? 
(5) How did you judge the trustworthiness or accuracy of the 

online tutorials? Can you give an example? 
(6) Did you find any format misleading or confusing? What 

made it so? 
(7) How did you keep track of different wiring diagrams or code 

fragments you encountered? 
(8) Did you feel like you were jumping between multiple tutori-

als? Tell me about that experience. 
(9) When you found a snippet that looked useful, how did you 

test or verify it before applying it? 
(10) Tell me about one mistake you made (wiring vs. code) and 

how you diagnosed or fixed it. 
(11) How would you redesign the tutorial to avoid the mistake 

you explained? 
(12) Would you wish there were any hints or checkpoints that 

could have helped? 
(13) At any point, did you wish all the information were in one 

place? What would that look like? 
(14) Anything else you wish we had asked or that you’d like to 

share? 

B System Interface 

Figure 13: Unmodified user interface of WireWay 

C User Study: Evaluation Questionnaires 
Participants rated the following statements on a 5-point Likert scale. 
(1 = Strongly Disagree, 5 = Strongly Agree). 

(1) The tests helped me isolate faults quickly. (1–5) 
(2) Measurement suggestions matched what mattered on the 

board. (1–5) 
(3) Test outcomes mapped clearly to what I should do next. (1–5) 
(4) I could tell when the test was wrong or inconclusive. (1–5) 
(5) I understood why the system suggested each step. (1–5) 
(6) When results changed, I knew what caused the change. (1–5) 
(7) The link between schematic and board actions was clear. 

(1–5) 

D User Study: Interview Protocol 
We include here the full set of interview questions used in the 
usability study. 

D.1 Experience with AI for Physical Computing 
(1) Do you have experience in using any AI for physical com-

puting? What was it like? 
(2) What would be different if you were using that AI compared 

to our system? 

D.2 System Usage and Information Seeking 
(3) Were there any moments you wanted to search online for 

anything else? 
(4) What was the most helpful aspect of the system? 
(5) What was the most frustrating aspect of the system? 

D.3 System Improvement and Future Use 
(6) If you could change one thing about the system, what would 

it be? 
(7) Can you imagine using this system in any context? What 

projects would you use it for, and what projects would you 
not use it for? 

D.4 Task-Specific Clarifications 
Additional clarification questions were asked based on observed 
participant behaviors and task-specific challenges encountered dur-
ing the session. 
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