
Eight Challenges of Future Electronics Toolkits

ANKE BROCKER∗, RWTH Aachen University, Germany

JAN BORCHERS∗, RWTH Aachen University, Germany

Fig. 1. Flowboard [9] is a system we designed to learn embedded coding using flow-based programming. It addresses some of our
Eight Challenges, such as C1 (Materiality), C3 (Learning vs. Prototyping), and C7 (Process Integration).

We present eight challenges that electronics prototyping toolkits are facing, and that HCI research can help to address. These
observations are based on our own and related work. We close with a short sample vision of future electronics prototyping.
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INTRODUCTION

HCI research has a long history of developing electronics prototyping toolkits [22]. They focus on, e.g., designing
[21] and debugging [4, 34] circuits, bridging the gap between coding and electronics in embedded development [9],
home appliances [5], wearables [13], robotics [10, 20] and physical circuit building [6]. However, they are facing
several challenges. Some are long-standing issues that have a better chance of getting resolved now thanks to recent
developments in electronics and computing. Others are new challenges introduced as the next levels of abstraction,
complexity, and innovation make their way from R&D into requirements for prototyping toolkits. We propose eight
such challenges that deserve further attention from our community. Note that we are focusing on traditional early,
“one-o�” prototyping. Isotyping [16] multiple copies and moving towards production poses additional challenges.
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CHALLENGE 1: MATTER MATTERS

Ever since simulation became practical, a fundamental con�ict has plagued electronics toolkits:What is the value of
physical vs. virtual prototyping? What are the bene�ts of building a prototype from real parts, rather than simulating it?

The disadvantages of “going physical” are straightforward, especially from a background in computing and technical
HCI: A circuit simulation is quicker to change than a physical prototype, it can provide better insights into a circuit
(putting a virtual scope on a trace is free), its components don’t break, and it does not require specialized hardware.

The advantages of physical prototyping, other than limited simulation �delity, are less obvious to the technical mind.
But in psychology and didactics, the advantages of physically handling something to solve a problem or learn about a
phenomenon are well known: Embodied Cognition [32], Distributed Cognition [18], and Tangibles research [11] have
documented that physically handling objects is key to determining what users take away from an interaction.

Leading current platforms like Arduino, micro:bit, and Raspberry Pi emphasize physical prototyping of the hardware
aspects of a project. But circuit simulation is a popular feature of related IDEs: TAC [2] supports �ow-based programming
and previewing the required circuit before building it. Fritzing [21] recently added maker-friendly circuit simulation
[12]. Bifröst and Wifröst [25, 26] integrate previews of hardware and software behavior, and our own FlowBoard [9]
(Fig. 1) lets users create real circuits while seamlessly bridging the gap to the associated code.

Overall, physical construction should remain part of the prototyping experience, even as complexity and abstraction
levels continue to rise. We thus need to understand what level of physical prototyping is most bene�cial for which use
case. Visually impaired users, for example, bene�t particularly from physical over virtual prototyping [17].

CHALLENGE 2: ADAPTIVE COMPLEXITY

As Gordon Bell put it, “the cheapest, fastest and most reliable components of a computer system are those that aren’t
there” [7]. Similarly, each electronics toolkit is ideal for a particular range of complexity, o�ering great support without
needlessly complicated system layers: According to a seminal tools paper [28], every toolkit has a learning threshold to
start using it, and a ceiling of how complex projects using it can become. This leads to problems: Beginners are ba�ed
if their �rst project requires them to wrap their heads around a complex toolkit; but if toolkits black-box and simplify
elements of electronics prototyping, it also limits their �exibility and utility beyond a certain complexity [9, 22].

Recent hardware and software developments suggest we can do better: If the project is simple, the toolkit should be
con�gurable—or indeed con�gure itself—to simplify its own complexity to match: An FPGA gets re-�ashed to represent
a few simple logic gates instead of a complex MCU if that is all a project needs. The more complex the task, the more
complexity the toolkit includes and reveals. This also helps with Challenge 4 (Responsiveness), but it should also take
the user’s knowledge level into account, and it must not de-skill users by changing the toolkit unpredictably. What
mechanisms (see Challenge 5, Embracing AI) can electronics toolkits implement to become so adaptable or adaptive?
Which elements must stay static? Answering these questions may lead to a new type of electronics toolkits.

CHALLENGE 3: PROTOTYPING OR LEARNING?

This is another long-standing, unresolved challenge. A professional prototyping with an electronics toolkit also learns
about it, but her primary goal is creating the prototype, not learning. According to Piaget [33], a student learning about
microcontrollers will bene�t from working on a project [8], but his primary goal is learning. Existing toolkits, however,
are often applied indiscriminately to both scenarios, which muddles the design goals for a toolkit. A clear prioritization
here provides focus. E.g., our Flowboard aims at children discovering embedded coding in informal learning scenarios.
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Thus, we can accept that it does not support creating very complex prototypes and has a low performance ceiling.
However, when designing toolkits, whether for learning or prototyping, it remains crucial to make learning how to use
the toolkit itself as e�ortless as possible. This helps reduce its “extraneous cognitive load”, the “unnecessary” part of
learning that does not contribute to the actual learning of the content of interest (the “intrinsic cognitive load”) [30].

CHALLENGE 4: RESPONSIVENESS

As toolkits o�er more powerful abstractions, the performance of simple operations often su�ers. Arduino’s digitalWrite()
is safer and more convenient, but over ten times slower than controlling pins directly (roboticsbackend.com/arduino-
fast-digitalwrite/). Our FlowBoard lets learners write Arduino routines with �ow-based programming, but the serial
Firmata protocol it uses to control the Arduino makes it even slower than digitalWrite() [9].

The human deadlines for acceptable system responsiveness, such as 100 ms for reacting to discrete input events, and
as little as 1 ms for, e.g., tracking continuous touch gestures [19], are well known, but often violated through toolkit
abstraction layers. Future toolkits need to provide ways to (a) verify end-to-end latency, and (b) support minimizing it
by “cutting through” layers of abstraction where needed, or by using new technologies. FPGAs, for example, allow
circuit simulation without the inherent delays of microcontrollers executing code.

CHALLENGE 5: EMBRACING AI

We already mentioned employing modern AI to adapt to user knowledge and project requirements. Circuit design tools
are adding semantic auto-complete functionality [24], and advanced intelligent tutor systems for electronics exist [27].

Beyond this, however, lies the fundamental question of how we should be interacting with a toolkit: in the traditional
tool metaphor, in which we initiate actions and the toolkit carries them out, or in the “otherware” metaphor [15],
a conversational collaboration with a (non-human) partner? The latter is a clear trend in professional design tools,
in which AI generates designs in a design space that the designer then selects from, iteratively triggering further
exploration by the tool, and co-creativity in AI-infused design tools is an emerging topic in HCI [31].

CHALLENGE 6: NEW INTERACTIVE MATERIALS

When discussing electronics toolkits, many people may have standard electronic components and PCBs in mind.
However, as electronics continue to permeate our everyday lives, we need to support working with new design
materials [29], from smart fabrics that sense interaction through integrated circuitry, to shape-changing soft robotic
actuators [10], to biodegradable and edible circuits. This may put a renewed emphasis on physical prototyping instead
of simulation (Challenge 1), since the haptic experience is a key aspect of these new materials: What should future
toolkits simulate virtually, and what needs to be physical?

CHALLENGE 7: INTEGRATING PROCESSES

Most research in our �eld has looked at supporting electronic design in isolation. Similarly, other fabrication research
has produced numerous tools, but they also usually focus on a single aspect of prototyping, such as 3D printing or
laser cutting. But while prototypes increasingly require a co-design of form and function, prototyping toolkits that help
integrate multiple or even all aspects of design and fabrication, from electronics to mechanics and code, remain scarce.
This remains a key challenge, although commercial production-level design tools such as Autodesk’s Fusion360 are
making great advances in this direction, and recent research in electronics prototyping is also beginning to focus on
these challenges, e.g., how to prototype electronics for uneven surfaces [35].
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CHALLENGE 8: SUSTAINABILITY

While Challenge 1 pushes for more physicality in prototyping, fabricating one throw-away prototype after another
just to correct minor mistakes can generate unacceptable amounts of e-waste. Sustainable prototyping has become a
topic in HCI fabrication research [23], but electronics have received only occasional attention (e.g., in [14]). Can future
electronics toolkits prioritize the use of sustainable materials where possible, both for their own physical components
and for the prototypes their software tools help to create, as in [3]? This, of course, links back to Challenge 6 (Materials).
And when should toolkits fall back to simulation to conserve physical resources [1]?

A VISION: E+

As a thought experiment, we conclude with an (admittedly blurry) vision of how “E+”, a hypothetical future electronics
toolkit, might support prototyping, and point out how it addresses each of our challenges, C1–C8:

Susan is an engineer prototyping a small, “Tribble”-like care robot that should serve as a companion for elderly
patients. She enters a �rst textual query, and her AI-powered design tool “E+” proposes some initial physical shapes
(C5 AI). After a few rounds of selections and drilling down into that design space, E+ prints a �rst non-functional
prototype, made from fully recyclable materials (C8 Sustainability). Susan �ne-tunes this shape physically with her
hands; the prototype adjusts through shape change, and applies a local dimple pattern she creates to the entire object
automatically (C1 Matter). Using voice and gestures, Susan speci�es the surface to be furry in most places; a matching
cover for the prototype is 3D-designed and fabricated automatically (C6 Materials, C7 Processes).

Susan now moves to the embedded electronics. She decides that, for acceptance reasons, the bot is not supposed to
be online. E+ responds by loading a simpler, non-networked system architecture into the prototype’s FPGA core (C2
Complexity). She attaches a physical speech module to the prototype, and E+ teaches her how to con�gure and program
the module for her speci�c use case, with E+ automatically applying relevant design guidelines (C3 Learning). Next,
Susan tells E+ that the bot should also react to being picked up and touched. E+ shows Susan where to connect the
analog touch circuitry, places touch-sensitive areas using a human hand model, 3D prints a new shell with touch-enabled
regions (C7 Processes), and ensures lag-free response to touch interactions by expanding the FPGA core with capacitive
touch logic (C2 Complexity, C4 Responsiveness).

ABOUT THE AUTHORS

Jan Borchers is a full professor of computer science and head of the Media Computing Group, which he founded at
RWTH Aachen University in 2003, after faculty appointments at Stanford and ETH Zurich. His current interests lie in
new user interfaces for software development, soft robotics, 3D printing, and personal fabrication, tangible, textile, and
shape-changing UIs, and augmented reality. His lab is among Germany’s most successful groups at ACM CHI, and he
established Germany’s �rst Fab Lab in 2009. His book Arduino in a Nutshell has been downloaded over 200,000 times.
He can be found at https://hci.rwth-aachen.de/borchers.

Anke Brocker is a researcher and PhD candidate in Jan’s group. Her research focuses on tools and processes that
help users create prototypes and understand fabrication processes. Her interest in toolkits ranges from electronics
to soft robotics and haptics, and she is an active Fab Lab user and educator. She can be found at https://hci.rwth-
aachen.de/brocker.

4

https://hci.rwth-aachen.de/borchers
https://hci.rwth-aachen.de/brocker
https://hci.rwth-aachen.de/brocker


Eight Challenges of Future Electronics Toolkits
CHI ’23 Workshop Paper, Hamburg, Germany,

REFERENCES
[1] Gustavo R. Alves, Manuel Felgueiras, Clara Viegas, André Fidalgo, Maria Arcelina Marques, Ricardo Costa, Natércia Lima, Manuel Castro, Javier

García-Zubía, Andreas Pester, Wlodek Kulesza, Juarez Bento Silva, Ana Pavani, María Isabel Pozzo, Susana Marchisio, Ruben Fernandez, Vanderli
Oliveira, and Luis C. M. Schlichting. 2018. A Sustainable Approach to Let Students Do More Real Experiments with Electrical and Electronic
Circuits. In Proceedings of the Sixth International Conference on Technological Ecosystems for Enhancing Multiculturality (Salamanca, Spain) (TEEM’18).
Association for Computing Machinery, New York, NY, USA, 508–514. https://doi.org/10.1145/3284179.3284265

[2] Fraser Anderson, Tovi Grossman, and George Fitzmaurice. 2017. Trigger-Action-Circuits: Leveraging Generative Design to Enable Novices to
Design and Build Circuitry. In Proceedings of the 30th Annual ACM Symposium on User Interface Software and Technology (Québec City, QC, Canada)
(UIST ’17). ACM, New York, NY, USA, 331–342. https://doi.org/10.1145/3126594.3126637

[3] Vicente Arroyos, Maria L K Viitaniemi, Nicholas Keehn, Vaidehi Oruganti, Winston Saunders, Karin Strauss, Vikram Iyer, and Bichlien H Nguyen.
2022. A Tale of Two Mice: Sustainable Electronics Design and Prototyping. In Extended Abstracts of the 2022 CHI Conference on Human Factors
in Computing Systems (New Orleans, LA, USA) (CHI EA ’22). Association for Computing Machinery, New York, NY, USA, Article 263, 10 pages.
https://doi.org/10.1145/3491101.3519823

[4] Fernando R. Avilés and Carlos A. Cruz. 2017. Mobile augmented reality on electric circuits. In 2017 Computing Conference (Computing Conference
’17). 660–667. https://doi.org/10.1109/SAI.2017.8252166

[5] Sumathi Balakrishnan, Hemalata Vasudavan, and Raja Kumar Murugesan. 2018. Smart Home Technologies: A Preliminary Review. In Proceedings of
the 6th International Conference on Information Technology: IoT and Smart City (Hong Kong, Hong Kong) (ICIT 2018). Association for Computing
Machinery, New York, NY, USA, 120–127. https://doi.org/10.1145/3301551.3301575

[6] Ayah Bdeir and Ted Ullrich. 2010. Electronics as Material: LittleBits. In Proceedings of the Fifth International Conference on Tangible, Embedded, and
Embodied Interaction (Funchal, Portugal) (TEI ’11). Association for Computing Machinery, New York, NY, USA, 341–344. https://doi.org/10.1145/
1935701.1935781

[7] Jon Bentley. 1986. Programming Pearls. Assn for Computing Machinery.
[8] Nadine Bergner and Ulrik Schroeder. 2015. Informatik Enlightened - Informatik (neu) beleuchtet dank Physical Computing mit Arduino. In Informatik

allgemeinbildend begreifen, Jens Gallenbacher (Ed.). Gesellschaft für Informatik e.V., Bonn, Germany, 43–52.
[9] Anke Brocker, René Schäfer, Christian Remy, Simon Voelker, and Jan Borchers. 2022. Flowboard: How Seamless, Live, Flow-Based Programming

Impacts Learning to Code for Embedded Electronics. ACM Trans. Comput.-Hum. Interact. (Aug 2022). https://doi.org/10.1145/3533015 Just Accepted.
[10] Anke Brocker, Jakob Strüver, Simon Voelker, and Jan Borchers. 2022. SoRoCAD: A Design Tool for the Building Blocks of Pneumatic Soft Robotics.

In Extended Abstracts of the 2022 CHI Conference on Human Factors in Computing Systems (New Orleans, LA, USA) (CHI EA ’22). Association for
Computing Machinery, New York, NY, USA, Article 330, 7 pages. https://doi.org/10.1145/3491101.3519770

[11] Sébastien Cuendet, Engin Bumbacher, and Pierre Dillenbourg. 2012. Tangible vs. Virtual Representations: When Tangibles Bene�t the Training of
Spatial Skills. In Proceedings of the 7th Nordic Conference on Human-Computer Interaction: Making Sense Through Design (Copenhagen, Denmark)
(NordiCHI ’12). Association for Computing Machinery, New York, NY, USA, 99–108. https://doi.org/10.1145/2399016.2399032

[12] Andres Faiña. 2022. Learning Hands-On Electronics from Home: A Simulator for Fritzing. https://doi.org/10.48550/ARXIV.2206.07146
[13] Nur Al-huda Hamdan, Adrian Wagner, Simon Voelker, Jürgen Steimle, and Jan Borchers. 2019. Springlets: Expressive, Flexible and Silent On-Skin

Tactile Interfaces. In Proceedings of the 2019 CHI Conference on Human Factors in Computing Systems (Glasgow, Scotland Uk) (CHI ’19). Association
for Computing Machinery, New York, NY, USA, 1–14. https://doi.org/10.1145/3290605.3300718

[14] Ollie Hanton, Zichao Shen, Mike Fraser, and Anne Roudaut. 2022. FabricatINK: Personal Fabrication of Bespoke Displays Using Electronic Ink
from Upcycled E Readers. In Proceedings of the 2022 CHI Conference on Human Factors in Computing Systems (New Orleans, LA, USA) (CHI ’22).
Association for Computing Machinery, New York, NY, USA, Article 173, 15 pages. https://doi.org/10.1145/3491102.3501844

[15] Marc Hassenzahl, Jan O. Borchers, Susanne CJ Boll, Astrid M. Rosenthal von der Pütten, and Volker Wulf. 2021. Otherware: how to best interact
with autonomous systems. Interactions 28 (2021), 54–57. https://doi.org/10.1145/3436942

[16] Steve Hodges. 2022. Personal Communication.
[17] Nic Hollinworth, Faustina Hwang, Kate Allen, Gosia Malgosia Kwiatkowska, and Andy Minnion. 2014. Making Electronics More Accessible to

People with Learning Disabilities. In CHI ’14 Extended Abstracts on Human Factors in Computing Systems (Toronto, Ontario, Canada) (CHI EA ’14).
Association for Computing Machinery, New York, NY, USA, 1255–1260. https://doi.org/10.1145/2559206.2581175

[18] Edwin Hutchins. 1995. Cognition in the Wild. The MIT Press. https://mitpress.mit.edu/9780262082310/
[19] Ricardo Jota, Albert Ng, Paul Dietz, and Daniel Wigdor. 2013. How Fast is Fast Enough? A Study of the E�ects of Latency in Direct-Touch Pointing

Tasks. In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems (Paris, France) (CHI ’13). Association for Computing
Machinery, New York, NY, USA, 2291–2300. https://doi.org/10.1145/2470654.2481317

[20] Hyunyoung Kim, Aluna Everitt, Carlos Tejada, Mengyu Zhong, and Daniel Ashbrook. 2021. MorpheesPlug: A Toolkit for Prototyping Shape-
Changing Interfaces. In Proceedings of the 2021 CHI Conference on Human Factors in Computing Systems (Yokohama, Japan) (CHI ’21). Association for
Computing Machinery, New York, NY, USA, Article 101, 13 pages. https://doi.org/10.1145/3411764.3445786

[21] André Knörig, Reto Wettach, and Jonathan Cohen. 2009. Fritzing: A Tool for Advancing Electronic Prototyping for Designers. In Proceedings of the
3rd International Conference on Tangible and Embedded Interaction (Cambridge, United Kingdom) (TEI ’09). Association for Computing Machinery,
New York, NY, USA, 351–358. https://doi.org/10.1145/1517664.1517735

5

https://doi.org/10.1145/3284179.3284265
https://doi.org/10.1145/3126594.3126637
https://doi.org/10.1145/3491101.3519823
https://doi.org/10.1109/SAI.2017.8252166
https://doi.org/10.1145/3301551.3301575
https://doi.org/10.1145/1935701.1935781
https://doi.org/10.1145/1935701.1935781
https://doi.org/10.1145/3533015
https://doi.org/10.1145/3491101.3519770
https://doi.org/10.1145/2399016.2399032
https://doi.org/10.48550/ARXIV.2206.07146
https://doi.org/10.1145/3290605.3300718
https://doi.org/10.1145/3491102.3501844
https://doi.org/10.1145/3436942
https://doi.org/10.1145/2559206.2581175
https://mitpress.mit.edu/9780262082310/
https://doi.org/10.1145/2470654.2481317
https://doi.org/10.1145/3411764.3445786
https://doi.org/10.1145/1517664.1517735


CHI ’23 Workshop Paper, Hamburg, Germany,
Brocker & Borchers

[22] Mannu Lambrichts, Raf Ramakers, Steve Hodges, Sven Coppers, and James Devine. 2021. A Survey and Taxonomy of Electronics Toolkits
for Interactive and Ubiquitous Device Prototyping. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 5, 2, Article 70 (jun 2021), 24 pages.
https://doi.org/10.1145/3463523

[23] Eldy S. Lazaro Vasquez, Hao-Chuan Wang, and Katia Vega. 2020. Introducing the Sustainable Prototyping Life Cycle for Digital Fabrication to
Designers. In Proceedings of the 2020 ACM Designing Interactive Systems Conference (Eindhoven, Netherlands) (DIS ’20). Association for Computing
Machinery, New York, NY, USA, 1301–1312. https://doi.org/10.1145/3357236.3395510

[24] Jo-Yu Lo, Da-YuanHuang, Tzu-Sheng Kuo, Chen-Kuo Sun, Jun Gong, Teddy Seyed, Xing-Dong Yang, and Bing-Yu Chen. 2019. AutoFritz: Autocomplete
for Prototyping Virtual Breadboard Circuits. In Proceedings of the 2019 CHI Conference on Human Factors in Computing Systems (Glasgow, Scotland
Uk) (CHI ’19). Association for Computing Machinery, New York, NY, USA, 1–13. https://doi.org/10.1145/3290605.3300633

[25] Will McGrath, Daniel Drew, Jeremy Warner, Majeed Kazemitabaar, Mitchell Karchemsky, David Mellis, and Björn Hartmann. 2017. BifröSt:
Visualizing and Checking Behavior of Embedded Systems across Hardware and Software. In Proceedings of the 30th Annual ACM Symposium on
User Interface Software and Technology (Québec City, QC, Canada) (UIST ’17). Association for Computing Machinery, New York, NY, USA, 299–310.
https://doi.org/10.1145/3126594.3126658

[26] William McGrath, JeremyWarner, Mitchell Karchemsky, Andrew Head, Daniel Drew, and Bjoern Hartmann. 2018. WiFröSt: Bridging the Information
Gap for Debugging of Networked Embedded Systems. In Proceedings of the 31st Annual ACM Symposium on User Interface Software and Technology
(Berlin, Germany) (UIST ’18). Association for Computing Machinery, New York, NY, USA, 447–455. https://doi.org/10.1145/3242587.3242668

[27] Brent Morgan, Andrew J. Hampton, Zhiqiang Cai, Andrew Tackett, Lijia Wang, Xiangen Hu, and Arthur C. Graesser. 2018. Electronixtutor Integrates
Multiple Learning Resources to Teach Electronics on the Web. In Proceedings of the Fifth Annual ACM Conference on Learning at Scale (London,
United Kingdom) (L@S ’18). Association for Computing Machinery, New York, NY, USA, Article 33, 2 pages. https://doi.org/10.1145/3231644.3231691

[28] Brad Myers. 2000. Past, Present and Future of User Interface Software Tools. Proceedings of the Human Factors and Ergonomics Society Annual
Meeting 44 (07 2000), 319–319. https://doi.org/10.1177/154193120004400206

[29] Dan O’Sullivan and Tom Igoe. 2004. Physical Computing: Sensing and Controlling the Physical World with Computers. Course Technology Press,
Boston, MA, United States.

[30] Yizhou Qian and James Lehman. 2017. Students’ Misconceptions and Other Di�culties in Introductory Programming: A Literature Review. ACM
Trans. Comput. Educ. 18, 1, Article 1 (oct 2017), 24 pages. https://doi.org/10.1145/3077618

[31] Jeba Rezwana and Mary Lou Maher. 2022. Designing Creative AI Partners with COFI: A Framework for Modeling Interaction in Human-AI
Co-Creative Systems. ACM Trans. Comput.-Hum. Interact. (feb 2022). https://doi.org/10.1145/3519026 Just Accepted.

[32] Lawrence Shapiro and Shannon Spaulding. 2021. Embodied Cognition. In The Stanford Encyclopedia of Philosophy (Winter 2021 ed.), Edward N.
Zalta (Ed.). Metaphysics Research Lab, Stanford University.

[33] Burkhard Vollmers. 1997. Learning by doing - Piagets konstruktivistische Lerntheorie und ihre Konsequenzen für die pädagogische Praxis.
International Review of Education 43, 1 (1997), 73–85.

[34] Te-Yen Wu, Bryan Wang, Jiun-Yu Lee, Hao-Ping Shen, Yu-Chian Wu, Yu-An Chen, Pin-Sung Ku, Ming-Wei Hsu, Yu-Chih Lin, and Mike Y. Chen.
2017. CircuitSense: Automatic Sensing of Physical Circuits and Generation of Virtual Circuits to Support Software Tools.. In Proceedings of the
30th Annual ACM Symposium on User Interface Software and Technology (Québec City, QC, Canada) (UIST ’17). ACM, New York, NY, USA, 311–319.
https://doi.org/10.1145/3126594.3126634

[35] Junyi Zhu, Lotta-Gili Blumberg, Yunyi Zhu, Martin Nisser, Ethan Levi Carlson, Xin Wen, Kevin Shum, Jessica Ayeley Quaye, and Stefanie Mueller.
2020. CurveBoards: Integrating Breadboards into Physical Objects to Prototype Function in the Context of Form. In Proceedings of the 2020 CHI
Conference on Human Factors in Computing Systems (Honolulu, HI, USA) (CHI ’20). Association for Computing Machinery, New York, NY, USA, 1–13.
https://doi.org/10.1145/3313831.3376617

6

https://doi.org/10.1145/3463523
https://doi.org/10.1145/3357236.3395510
https://doi.org/10.1145/3290605.3300633
https://doi.org/10.1145/3126594.3126658
https://doi.org/10.1145/3242587.3242668
https://doi.org/10.1145/3231644.3231691
https://doi.org/10.1177/154193120004400206
https://doi.org/10.1145/3077618
https://doi.org/10.1145/3519026
https://doi.org/10.1145/3126594.3126634
https://doi.org/10.1145/3313831.3376617

	Abstract
	References

