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Figure 1: VirtualWire system overview. Users create circuits in software tools such as Fritzing (1), place real components
on a breadboard with the circuit connections automatically and dynamically realized from the software (2) and, fabricate
permanent versions of their circuit (e.g., PCBs) when completed (3). On the right, the breadboard can be directly transplanted
to the PCB for immediate usage.

ABSTRACT
Assembling circuits is a challenging and time consuming activity
for novice makers, frequently resulting in incorrect placements of
wires and components into breadboards. This results in errors that
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are difficult to identify and debug, and delays that hinder creat-
ing, exploring or reconfiguring circuit layouts. This paper presents
VirtualWire, a tool that allows users to rapidly design and modify
circuits in software and have these changes instantiated in real-time
as electrical connections on a physical breadboard. To achieve this,
VirtualWire dynamically translates circuit design files into physical
connections inside a hardware switching matrix, which handles
wiring across breadboard rows and to/from an embedded Arduino.
The user can interactively test, tune, and share different circuit
layouts for an Arduino shield, and once satisfied, can fabricate the
circuit on a permanent substrate. Quantitative and qualitative user
studies demonstrate that VirtualWire significantly reduces the time
taken for (by 37%), and the number of errors made during (by 53%)
circuit assembly, while also supporting users in creating readable,
space-efficient and flexible layouts.
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1 INTRODUCTION
Circuit design and prototyping activities are being practiced by
increasingly diverse non-expert communities interested in build-
ing tangible interfaces and artifacts [17, 18]. Enabled by the low
barriers to entry and encouraged by the popularity of electronic pro-
totyping platforms such as Arduino1, circuits are now commonly
created and built by a broad spectrum of non-technical makers
and of academic researchers, such those in the TEI community. For
these users, assembling circuits, most typically by placing wires
and components into breadboards to instantiate designs depicted
in learning materials, remains a challenging and time-consuming
activity [33, 34]. The key problems ofbreadboardingare both simple
and fundamental: components are misplaced and wires are omitted,
connected incorrectly, or inadvertently disconnected. Both novice
and intermediate users are reported to �nd these errors hard to di-
agnose and debug [5, 34]. These issues impede the ability of novices
to explore and tinker with breadboarded circuits and contribute to
a sense that the technology is intimidating and confusing [2].

To minimize issues associated with tangled wires and fragile con-
nections, researchers have proposed techniques to simplify bread-
boarding, emphasizing qualities such as the speed and ease with
which circuits can be built [6, 19], supporting more complex de-
signs (e.g., multi-layered) [33], and the use of novel substrates and
materials such as paper [25], stickers [10], and printable ink [12].
While these systems typically result in reliable circuit layouts, they
lack the exploratory and iterative qualities of breadboarding: once
circuits are designed in software, they are rendered onto a �xed
substrate and components are soldered [6, 31] or glued [10, 19, 25]
to their surface. Modi�cations to the design require redoing the
entire process. CircuitStack [33] is a notable exception: it places
the circuit topology on swappable sheets printed in conductive-ink
clamped under a breadboard holding circuit components. While this
approach combines reliable circuit layouts with swappable compo-
nents, making changes to the circuit topology remains a multi-step
and laborious process. It requires redesign on a PC, reprinting
new circuit sheets and, dis- and re-assembly of the breadboard and
clamped circuits.

To better support novices in the breadboarding process, we
presentVirtualWire (Figure 1), a technique that borrows from prior
research on virtually simulating electronic components with hard-
ware [14, 28, 35], but instead of focusing on the behavior of speci�c

1https://www.arduino.cc

components in the circuit, it enables to recon�gure the hardware
connections (e.g., wires) between arbitrary physical components
using software. Although circuit hardware recon�gurations on chip
are possible with technologies that enable gate-level programmabil-
ity, such as system-on-chip (e.g., Cypress2) and �eld-programmable
gate arrays (FPGAs), these systems require understanding of digital
combinatorial logic, and the usage of highly specialized tools and
hardware description languages (e.g, Verilog or VHDL) that are
very complex and unsuitable for novices. On the contrary, with Vir-
tualWire, users simply create and visually modify circuit layouts in
an electronic design software by directly drawing wires on a virtual
breadboard or an electronic schematic. VirtualWire then physically
instantiates the electrical connections using a programmable analog
switching matrix that supports arbitrary con�gurations across rows
of the breadboard and to/from an embedded Arduino. Di�erently
from closely related work [14, 30], the user can therefore connect
components on a breadbaord with unlimited number of"virtual
wires" and in any desired arrangement. Finally, once the user is
satis�ed with the circuit, the system can also generate a PCB layout
for fabricating the circuit on a permanent substrate.

This paper presents the design of VirtualWire and demonstrates
its utility via a series of example applications in the form of Arduino
shields. We then validate VirtualWire's usefulness with quantitative
and qualitative user studies that show it is signi�cantly faster than
traditional breadboarding while also reducing the number of mis-
takes users make and supporting circuit layouts that are perceived
to be simple to parse and read, spatially e�cient, and easy to update
and modify.

2 RELATED WORK
2.1 Circuit prototyping and fabrication
Solderless breadboards have been the standard method of proto-
typing circuits since their introduction in the 1970s [24]. While
their simplicity allows users to create and recon�gure a circuit by
simply plugging components and jumper wires into breadboard
sockets, they struggle to scale. With complex circuits containing
numerous jumper wires, the bene�ts of breadboards can be over-
powered by their limitations. Quickly �nding connection points
for wires becomes more di�cult and re-positioning a component
or re-con�guring a circuit can require pulling out most of wires
and components and starting over. Prior research has reported that
beginners perceive circuits on breadboards to be delicate [33], and
that miswiring issues are di�cult to identify and debug [5].

Complexity and accuracy in circuit construction can be achieved
using Printed Circuit Boards (PCBs), which mechanically support
and electrically connect electronic components using conductive
tracks on one or more layers. PCBs are very reliable, as they form
permanent point-to-point connections between components with-
out wires. However, they are most appropriate for completed de-
signs, as they cannot be easily modi�ed, recon�gured, or debugged
after production. Some research seeks to increase their �exibility�
Pinpoint [29], for example, simpli�es PCB debugging via an auto-
matic pipeline that supports actions such as probing signals, discon-
necting components and isolation testing. While this prior work

2https://www.cypress.com
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mainly deals with post-design activities that take place when a
circuit layout has been fabricated and is going through processes
of testing and revision, the current paper focuses instead on the
early stages of prototyping.

Many researchers have also sought to close the gap between
circuit prototyping and fabrication, proposing techniques that com-
bine aspects of the �exibility of breadboards with the reliability of
PCBs. One approach is to fabricate circuits on paper or plastic with
conductive ink, enabling users to hand-draw [19] or print [ 6, 12] cir-
cuit traces, and apply them to 3D objects [38]. Both PaperPulse [25]
and PEP [23] further exploit printed circuits on paper with multiple
layers, integrated editors, and custom assembly instructions. Cir-
cuit Eraser [21] and CircuitAR [20], focus on techniques to �x or
debug a paper-based circuit, supporting iterative prototyping and
reworking. While these approaches can be used to revise circuit
topology, they still rely on re-printing (or re-drawing) the circuit
layout, require permanent (e.g., soldering or z-tape) methods for
attaching components, and do not scale to sophisticated circuits
with many crossed connections. Modularized approaches such as
stickers [10, 11, 16] solve the soldering problem but limit users to
only pre-made components.

CircuitStack [33] combines the �exibility of solderless bread-
boards with the accuracy and speed of paper circuits. It achieves
this by vertically stacking multiple paper layers containing the cir-
cuit's wiring (rendered in conductive ink) underneath a breadboard.
Components can be placed on the breadboard without jumper wires,
as connections are realized on the layered paper circuits. The au-
thors demonstrate a working prototype with multiple conductive
layers, and show that the system is easily con�gurable, accurate
and supports rapid assembly of circuit components. However, as
with other paper circuit techniques, making changes to the wiring
is laborious. It involves redesigning and reprinting the paper stack
and dis- and re-assembling the breadboard. We argue this prolonged
process makes exploration and iteration of di�erent layouts time
consuming, and removes much of the bene�cial �exibility of stan-
dard breadboards.

In contrast to previous work, VirtualWire enables theprogram-
maticcon�guration of connections between components placed on
a breadboard. This approach allows the topology of a circuit to be
immediately and dynamically recon�gured, without the need for
jumper wires, fabrication, or dis- and re-assembly.

2.2 Programmable hardware for prototyping
Programmable hardware is a large and established research area
in electronics, covering topics such as diverse as gate-level hard-
ware con�guration, hardware simulations, and combinational and
sequential logic. Due to the complexity and sophistication of these
topics, research in these areas usually addresses an experienced au-
dience of electronic engineers. Since the primary goal of this paper
is a system that supportsnovicemakers, we omit this literature and
instead refer interested readers to Alphonsus and Abdullah's com-
prehensive survey [1]. Here, we will address the more relevant body
of literature on programmable hardware systems for prototyping.

Previous work focused on easing the physical construction of
circuits. VirtualComponent [14] allows users to place and tune �vir-
tual� components�physically located on an external module�onto

a physical breadboard to quickly experiment with di�erent circuit
designs by tuning the components' values. Similarly, VISIR [30]
allows the construction of physical circuits from a remote work-
bench, where �xed components placed on an external bank can
be routed to di�erent locations on a remote breadboard. However,
neither system supports the possibility of drawing arbitrary num-
ber of wires to connect components. Scanalog [28] supports the
construction of analog circuits using high-level modules built into
the hardware (using a �eld-programmable analog array - FPAA)
that can be recon�gured and controlled in software, but there are
major limits of the type and number of components that can be
instantiated inside the FPAA chip (four con�gurable analog blocks).
Proxino [35] does the exact opposite, by enabling user to create a
virtual prototypefor a circuit by blending the input or output value
from a physical proxy (e.g., sensor or actuator) into a simulated
virtual circuit. Speci�cally, with Proxino the input sensors or the
actuators are physical proxies plugged into the hardware, while
the circuit topology (i.e., the connections between components)
only exists in software and behaves following a SPICE simulation.
VirtualWire is di�erent from all these approaches by allowing a
recon�guration of physical connections through software. Finally,
Visible Breadboard [22] allows users to place components on a
12x-scale breadboard, and to construct a circuit without wires by
linking any point to cardinally adjacent points by drawing the
connections directly on the board surface with their �ngers. While
highly interactive and �exible, Visible Breadboard mandates manual
con�guration via touch; its large size makes using standard compo-
nents challenging; and it does not support arbitrary connections, as
each socket can only be connected to those cardinally adjacent to
it. These factors make it di�cult to produce and recon�gure circuit
designs using the system.

Breadboards are not the only way to prototype circuits. Lit-
tleBits [4], DataFlow [7], Bloctopus [26] and NET Gadgeteers [32]
all support circuit construction using modular building blocks. De-
spite many individual di�erences, these systems share the common
objective of lowering the threshold for early-stage prototyping
through pre-assembled modules with built-in capabilities that can
be easily connected together to yield functional circuits. While these
systems enable blocks of complex functionality such as cameras and
displays, they also limit users to a strict set of pre-manufactured
modules. Other research aims to simplify the circuit design process.
For example, Trigger-Action-Circuits [2] automatically produces cir-
cuits and assembly instructions based on high-level descriptions of
desired behavior, and AutoFritz [15] proposes auto-complete func-
tionality to assist in the design of breadboarded circuits, based on
a database of previously created common circuits. Finally, Circuit-
Style [8] is a teaching tool that peripherally enforces best-practices
and guidelines for implementing circuit prototypes. While these
systems help with the design of circuit layouts, they still require
users assemble circuits manually using the traditional process of
plugging wires into a standard breadboard.

3 VIRTUALWIRE
VirtualWire is a novel tool for prototyping circuits that allows users
to insert components on a physical breadboard and to connect them
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