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Figure 1: ARDW is an end-to-end system (left) that enables cross-linking between the physical printed circuit board (bottom
right) and the design files on a PC (top right) via projected AR (green highlight, bottom right). When a user selects a components,
pins or pads on the PCB, the corresponding element gets highlighted on the design files and vice versa (right).

ABSTRACT

Debugging printed circuit boards (PCBs) can be a time-consuming
process, requiring frequent context switching between PCB design
files (schematic and layout) and the physical PCB. To assist electri-
cal engineers in debugging PCBs, we present ARDW, an augmented
reality workbench consisting of a monitor interface featuring PCB
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design files, a projector-augmented workspace for PCBs, tracked
test probes for selection and measurement, and a connected test in-
strument. The system supports common debugging workflows for
augmented visualization on the physical PCB as well as augmented
interaction with the tracked probes. We quantitatively and qualita-
tively evaluate the system with 10 electrical engineers from industry
and academia, finding that ARDW speeds up board navigation and
provides engineers with greater confidence in debugging. We dis-
cuss practical design considerations and paths for improvement to
future systems. A video demo of the system may be accessed here:
https://youtu.be/RbENbf5WIfc.
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1 INTRODUCTION

The increasing ubiquity of technology has been spurred by rapid
advances in electronics manufacturing over the past few decades.
With developments such as surface mount technology (SMT) and
integrated circuit (IC) packaging, printed circuit boards (PCBs) have
become increasingly dense and complex featuring tens, hundreds,
or even thousands of components and double-digit layer counts.
Meanwhile, the tools to support engineers in debugging faulty PCBs
during the design phase remain mostly unchanged — engineers
probe various nodes on the PCB with test equipment while refer-
encing the schematic and layout diagrams to reason about their
circuit.

During the process of debugging a new PCB design, engineers
must constantly move between their schematic, layout, and physical
representations in order to validate their design or understand the
nature of a design failure! (Fig. 1). Through current ECAD tools, this
can be a time-consuming and error-prone process which typically
involves manually following correspondences and nomenclatures
across different software applications, often using each applica-
tion’s textual “find” command. To locate the corresponding area-of-
interest on the board, the engineer must textually match the refer-
ence designator against the board’s silkscreen (if printed) or visually
pattern match layout representation to the physical PCB, which
can become more challenging with dense components or different
orientations. As a debugging procedure typically involves tens to
hundreds of these correspondences, this procedure can quickly be-
come tedious with the ever-increasing complexity of board designs
only exacerbating the challenge. While the human-computer inter-
action (HCI) community has mainly focused on supporting makers,
prototypers, hobbyists, and students with tools to help support
the debugging of low-volume breadboard designs [12, 14, 19, 24],
there has been less work toward supporting the workflow of circuit

!Some helpful technical background and terminology: The electrical engineering
design process typically starts with designing a circuit to meet a set of functional
requirements. Using an electronic computer-aided design (ECAD) tool, the logic of
the circuit is formalized via schematic capture into a schematic diagram, which visual-
izes the circuit’s components as symbols and the circuit’s interconnections (nets) as
topological lines between the components’ pins. This logic is then transferred to a
layout diagram, where components and connections are placed in a physical coordinate
space. Finally, the design is then physically fabricated and assembled into a functional
PCB, where the components are soldered onto the surface of a fiberglass board with
conductive pads, vias, and traces running buried within its layers. For images, see
online tutorials on Sparkfun (https://learn.sparkfun.com/tutorials/pcb-basics/all) or
Adafruit (https://learn.adafruit.com/making- pcbs-with-oshpark-and- eagle).
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design and development moving towards production [13]. We seek
to add to the small but growing area of HCI literature focusing on
PCB design [8, 16, 21]. Finally, an increasingly globalized supply
chain, design outsourcing, and pandemic-normalized remote work
have each introduced new challenges in debugging PCB designs
collaboratively.

Previous design research has shown that electrical engineers are
interested in augmented reality (AR) as a paradigm to help reduce
the cognitive load, accelerate common tasks within debugging work-
flows, and enable remote collaboration [6]. In this work, we build
and present ARDW (Augmented Reality Debugging Workbench),
an open-source, end-to-end system that enables cross-linking be-
tween virtual design files and the physical PCB via projected AR
and tracked test probes. At its core, ARDW enables augmented
visualization by facilitating for selections in the design files to be
highlighted on the physical PCB, and augmented interaction by
allowing for selections and measurements on the physical PCBs to
be carried to the design files. In this way, ARDW is the first system
to provide an augmented bidirectional cross-link across schematic,
layout, and physical PCB. We conduct a study with ten electrical
engineers using the tool across a set of board navigation, bring
up, and simulated debugging tasks. All participants verified that
the reduced context-switching between the PCB and design files
allowing for users to more efficiently localize items on the PCB and
capture measurements, and making their debugging experience
more seamless. Finally, building on the user feedback from the user
study, we offer design considerations towards producing future AR
systems for PCB debugging.

2 RELATED WORK

Electrical engineers use a diverse set of inspection tools across vari-
ous stages of the design process. In the early engineering validation
test phase, manual tools such as oscilloscopes, logic analyzers, and
multimeters are used to provide measurements of signal properties
on the physical board. For high volume production, select functions
maybe be tested via automated in-circuit testing (ICT) equipment,
a test machine that accesses a set of PCB test points via a custom
spring-loaded pogo pin fixture, making ICT expensive and time-
consuming to set up. While allowing for high-throughput testing,
the test suite only has access to the limited set of test points for
diagnostic checks and is therefore used as an end-of-line functional
check, rather than allowing for root causing and free-form debug-
ging. In this paper, we focus on tools to enable better debugging
for the early stages of development and validation. In this section,
we first cover related work on enabling better debugging work-
flow on breadboards and later cover work related to extending the
capabilities of PCBs.

2.1 Extending Breadboards

Breadboards offer a gridded construction base in which electronic
components can be inserted or removed. Because of their easy sol-
derless reconfigurability, breadboards are commonly used amongst
hobbyists, students, designers, and engineers for prototyping sim-
ple, one-off circuits. Prior work has explored augmenting bread-
boards to extend their capabilities, primarily for enabling mea-
surement and testing features. Toastboard [7], CurrentViz [24], and
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Heimdall [12 make real-time measurements on a circuit prototyped
on an instrumented breadboard, speci cally voltage and current
information respectively, and show this information on a computer
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2.2.2 Augmented Interaction and Measurement on FR@gmint
[2] is a tool designed to assist in PCB debugging by adding up
to 16 jumper pads into a PCB design before fabrication, generates

screen. Toastboard additionally uses status LEDs on each row of a bed-of-nails jig to interface with the jumper pads, and modi es

the breadboard to provide localized feedback, a feature cited by all
of their study participants as being useful during debugging. In
addition to making measurements, previous work has also explored
addingin situ recon guration and test capabilities to breadboards.
Visible Breadboard allows a user to create virtual wires by dragging
a nger along the desired path on a breadboarti7]. A layer of
relays under the breadboard recon gures itself to form the desired
electronic connection. Proxino similarly enables recon guration
of an underlying layer such that users can combine virtual and
physical components [23].

Due to their modular nature, breadboards are helpful for rapid
prototyping and primarily used for educational purposes. How-
ever, they are often not practical in supporting the prototyping of
circuits for commercial products, as the physical design of bread-

boards restricts the possible package choices and layouts of the

connections through a GUI-controlled relay board. While not us-
ing augmented reality per se, the tool connects the virtual and
the physical by using GUI-controlled relays to make and break
these connections. However, modi cations to layout in acceptable
in production designs in support of test is typically restricted to
adding test points only on critical, low-speed nets for bed-of-nails
ICT or manual access for workbench debugging. Further work by
Stransnick et al. has explored the utility of tightly coupling simu-
lated and physical versions of the same circuit to support interactive
debugging by leveraging instrumentation and programmable test
hardware R{. Our work seeks to support existing debugging work-
ows that do not modify the PCB design or add new test hardware,
and instead ease access to measurement points by guiding users
with augmentations.

Most relevant to our work is BoardLab which presents a mag-

electronic components and introduces contact resistance and par- netically tracked stylus that enables interactions from board to

asitic capacitance that can a ect sensitive or high speed analog
signals. Furthermore, replicating breadboards for more than a hand-
ful of prototypes can be tedious. In our work, we seek to support
engineers in academia and industry who generally develop PCBs
for medium-volume development and mass production.

2.2 Extending Printed Circuit Boards

2.2.1 Augmented Visualization on PCBsaumber of systems in-
corporated virtual augmentations on PCBs in varying capacities.
InspectAR is a startup that has developed a tool using mobile AR
to overlay elements of a board layout and associated metadata onto
the camera's view of a PCB displayed on a mobile tablet or BC [
While serving detailed visualizations and component datasheets,
the tool does not support direct interaction with the PCB itself,
measurement interactions, or a topological schematic view for de-
bugging. The Mascot, a robotic workbench from Robotas, helps
to support operators performing hand assembly of through hole
components B]. The tool allows for preloading of assembly steps,
which controls automated picking carousels and a projected laser
spot showing assembly position on a clamped PCB. Similarly, Hahn
etal. [1Q built an AR system that delivers textual and graphical cues
through a head-mounted display for assisting workers performing
PCB assembly, and indicates that the tool helped minimize error in
part picking and assembly. HolOscl]] is a tool that incorporates

voice commands and grabs an oscilloscope screen and overlays it

onto the handheld probe to prevent users from slipping o their
probe point when interacting directly with the instrument panel.
Hahn et al's tool, InspectAR, Mascot, and HolOsci all provide
board-locked augmented instruction for PCB work ow, driving
information from the virtual design les or instrument panel to

schematic, such as selecting and identifying components on the
schematic by touching the components on the board as well as
taking voltage measurements and having the measurement anno-
tated on the schematicg. Although the system looks promising,
BoardLab does not comment on system accuracy, implement board
tracking, or conduct a usability study of their device. Our work
fuses the augmented interaction demonstrated in BoardLab with
augmented visualization on the PCB, and discusses the practical
usability considerations of the system.

2.2.3 Combining Augmented Visualization and Interaction on PCBs.
In previous design worl§], we presented a set of augmented reality
interaction techniquesalled Augmented Silkscreen, to assist elec-
trical engineers in PCB debugging. Through a set of remote design
interviews, we found thatombiningaugmented visualization (as
seen in works like InspectAR) and augmented interaction (as seen
in works like BoardLab) on PCBs unlocks promising avenues to
alleviate frequent context switching between schematic, layout,
and physical PCB. By having information ow bi-directionally be-
tween virtual design les and physical PCB, compelling interactions
can be realized; for example, providing on-board augmentations
to guide a user toward a measurement and then logging that mea-
surement and its location. In this work, we build an end-to-end
system that implements the interaction techniques proposed in
Augmented Silkscreen. We run a user study to explore the e cacy
of the system in practical scenarios.

3 WORKFLOW AND SYSTEM FEATURES

We introduce the features of ARDW through an an exemplary PCB
development scenario. The walk-through illustrates a few common
issues electrical engineers may encounter during a typical devel-
opment scenario and discusses how ARDW can help to assist the

the user's view of the PCB. Our work seeks to also incorporate electrical engineer in debugging them. Figure 2 and the video demo
augmented interaction and measurement to pass data in the oppo- (https://youtu.be/RbENbf5WIfc) provide images and clips to help

site direction, that is, interactive capture directly on the physical visualize these interactions. All features discussed in this section are
PCB can be passed to the virtual design les to assist engineers in implemented in our system. See section 4 for full implementation

debugging. details.
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