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Figure 1: We propose an approach to reusing existing printed circuit boards (PCBs) rather than discarding them as e-waste. We
realize this via our interactive tool, which analyzes discarded PCBs and finds ways to physically fit a user’s desired circuit on

them.
Abstract

We propose an interactive tool that enables reusing printed circuit
boards (PCB) as prototyping materials to implement new circuits—
this extends the utility of PCBs rather than discards them as e-waste.
To enable this, our tool takes a user’s desired circuit schematic
and analyzes its components and connections to find methods of
creating the user’s circuit on discarded PCBs (e.g., e-waste, old
prototypes). In our technical evaluation, we utilized our tool across
a diverse set of PCBs and input circuits to characterize how often
circuits could be implemented on a different board, implemented
with minor interventions (trace-cutting or bodge-wiring), or imple-
mented on a combination of multiple boards—demonstrating how
our tool assists with exhaustive matching tasks that a user would
not likely perform manually. We believe our tool offers: (1) a new
approach to prototyping with electronics beyond the limitations
of breadboards and (2) a new approach to reducing e-waste during
electronics prototyping.
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1 Introduction

Electronics prototyping using printed circuit boards (PCBs) has be-
come commonplace not only in industry but even for students/hob-
byists. The rise of fabrication houses that produce small batches
of PCBs at affordable costs, the advancement of PCB design tools,
and even personal fabrication made designing PCBs much easier.

Despite these advancements, manufacturing a PCB is still slow,
expensive, and, importantly, wasteful. This is further exacerbated
given that prototyping typically involves iterating on a design,
requiring a new PCB to be produced with every design iteration—
creating even more cost, time, and e-waste. More critically, while
PCBs offer advantages for prototyping electronics (e.g., enabling
the use of both surface-mounted components and through-hole
components, being smaller and more compact than breadboards,
etc.), they are difficult to use during rapid prototyping—quickly
iterating through prototypes becomes virtually impossible when
designing a PCB.
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Instead, we explore the idea that electronic design tools could
reuse printed circuit boards (PCBs). Whereas previous works have
explored how interactive tools can support reuse of electronic com-
ponents from e-waste, we extend this work into the domain of PCB
reuse. PCBs can be sourced from older prototypes, broken appli-
ances, electronic waste, and more—essentially any modern device
contains a PCB. To enable PCB reuse, we engineered a novel com-
putational tool, ProtoPCB (Figure 1), that identifies how a desired
circuit could be implemented on an existing PCB. ProtoPCB does
this by: (1) leveraging computer vision to locate exposed solder
pads, vias, and traces; (2) employing our search technique to find
possible locations to physically fit components from the new design
onto the discarded PCB; and (3) identifying methods of modifying
the PCB board to enable more reuse (e.g., cutting a trace or adding
a wire).

As we found in our technical evaluation, all these approaches
enable our tool to find ways to retrofit a user’s target circuit into
existing PCBs. We found that across nine PCBs with varying de-
grees of electronic complexity, it was possible to fit ~82% of the
desired components on other PCBs. With our tool, engineers no
longer need to waste their old PCBs but, instead, can reuse them
in their prototyping process. This offers two benefits: (1) a new
recycling strategy for e-waste by recycling PCBs; and (2), rapid
prototyping with surface-mounted components (without buying
breakout boards or making a new PCB at each iteration).

2 Background and Related Work

To situate this work, we provide an overview of key areas that it
builds on: (1) interactive tools for electronics design, (2) electronics
prototyping, and finally, (3) sustainable HCI efforts.

2.1 Interactive tools for electronics design

While every step of the electronics design process has specific tools
(e.g., circuit simulation, bill of materials generation), most relevant
to our work are interactive editors for circuit design and PCB design.

Given the importance of these tools, many researchers have
extended their interactive functionality to better assist users. For
instance, Lin et al. explores how such editors can be reimagined by
treating individual components as abstracted modules to highlight
their most important electrical characteristics [13]. In SVG-PCB,
authors explored a parametric approach to designing PCBs, allow-
ing designs to be easily edited and remixed [17]. Pinpoint presents
a workflow for developing PCBs and test rigs to enable techniques
to debug and test a PCB [20]. ARDW also enhances the PCB test-
ing experience by employing augmented reality projections that
highlight relevant board features during the process [4]. Other
work focuses on enabling electronics prototyping in new domains
such as 3D-printed surfaces or curved breadboards [22, 30]. In our
work, we are similarly interested in extending electronics tools and
prototyping practices, but we are focused on how such tools could
enable reusing PCBs.
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2.2 Prototyping with electronics

While the focus of our work is on engineering a computational
method to extend the life of PCBs, one of its most promising appli-
cations is for electronics prototyping. Thus, we discuss common
approaches in this area.

There are many techniques employed in electronics prototyping.
Notably, the HCI community has been at the forefront of new
electronics prototyping toolkits and strategies to make prototyping
more accessible [2, 11, 18]. We overview four common techniques:
(1) breadboards, (2) protoboards, (3) breakout-boards, and (4) PCBs.

Breadboards are beginner-friendly, fast, and accessible as they
do not require soldering. Breadboards work by inserting compo-
nents with pins, called through-hole components (THT), in dedicated
sockets, which connect it to other components in the same row.
Breadboards are typically only used for the early stages of proto-
typing since they are bulky, use many wires, and are not resistant
to mechanical stress.

Protoboards (or perfboards) mimic some of the breadboard’s
functionality but require soldering. These enable a more compact
implementation with similar tradeoffs (only suited for through-hole
components). However, modern components are manufactured in
smaller packages, called surface-mounted components (SMD), with-
out the long pins that can fit in breadboards/protoboards; instead,
these SMDs are meant to be soldered in printed circuit boards
(PCBs).

Breakout boards are pre-made PCBs that fit a specific SMD
component footprint (i.e., a standard size, such as SOIC-8, SOT-23,
etc.). They feature pads to solder the SMD and traces that extend
to pins (for use with breadboard/protoboard). While these allow
using SMDs, engineers often require a different breakout board for
every SMD footprint (or, in the best case, breakout boards can fit a
wider range of sizes within one standard footprint, e.g., a TQFP32
breakout that can fit ICs with variable sizes as long as they are
of this class). As such, users are left with few options to rapidly
prototype with SMDs, since they would need to manufacture a
PCB. While there are advances in speeding up PCB printing (e.g.,
inkjet-printing [9, 21], conductive ink machines [19, 24], or milling
machines [6]), these will further exacerbate the e-waste issue by
creating more e-waste.

Combining with existing techniques. We see ProtoPCB as
a new prototyping method that allows engineers to reuse already
manufactured PCBs when prototyping circuits. As we will detail
later (see Section 5) we envision many ways that engineers can use
ProtoPCB. While in its most extreme form, a user might implement
an entirely new circuit in a reused PCB using ProtoPCB (no bread-
boards or breakout boards), the most likely way is to use ProtoPCB
in concert with the aforementioned, established approaches. In fact,
we believe that ProtoPCB is especially synergetic with breakout
boards. One such example is how ProtoPCB can be leveraged to
rapidly “fabricate” breakout boards—without the need to buy one
anew—by fitting a new circuit or even a single component into an
existing PCB, one can also think of ProtoPCB as a companion to
breakout boards.
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Figure 2: Our approach and its general workflow: fit a user’s desired circuit into an old PCB—enabling PCB reuse.

2.3 Efforts in Sustainable HCI for reducing
e-waste

Last, our work is informed by growing efforts in sustainable inter-
action design [3] and sustainable computing [7]. Such “calls for
action” have emphasized the need for more circular ecosystems (in-
cluding manufacturing, maintenance, and recycling). Various HCI
researchers have responded to these by proposing new techniques
for fabrication or electronics.

Waste reduction and reuse in fabrication. Making multiple
iterations of designs often generates significant waste [25, 28]. One
example is prototyping with 3D printers, which generates waste
with every iteration or failed print. Researchers mitigate this by
reclaiming filament [16], using waste as infill [17] or as supports
[18], or even printing only wireframes [15]. Similar ideas have been
explored in other domains (e.g., laser-cutting [1], sewing [12], etc.).

Waste reduction and reuse for electronics. E-waste is the
largest growing waste stream in the world with upwards of 60 million
tons annually [5], which has motivated researchers to explore new
alternatives. For instance, FabricatINK leverages recycled E-ink
to create bespoke displays [8]. Similarly, Mandel and Ju discuss
the potential of sourcing e-waste across several case studies (e.g.,
reusing motors from discarded hoverboards) [15, 16]. Others have
explored how the materials in electronics themselves can be made
more environmentally friendly, such as by using biodegradable
materials [1, 10, 23]. Last, recent works explored how this can
be done during electronics prototyping. For example, DeltalCA
explores how PCB designs can be profiled for their carbon footprint
[29]. SolderlessPCB, explore how components can be secured to
PCB using screws rather than soldering [26] and PCB Renewal
explores how to create PCBs with modifiable traces [27]. Finally,
ecoEDA provides suggestions of which components users can reuse
from their e-waste [14]. In ProtoPCB, we turn our focus to PCBs
(rather than components like in ecoEDA) and explore computational
strategies that can be used to elevate their reuse potential.

3 Our approach: reuse a PCB to implement a
(completely different) circuit

We introduce a new concept in which discarded printed circuit
boards (PCBs) are re-used as materials to create new circuits. How-
ever, this idea is not something that a user can be expected to
perform manually, since a typical PCB has hundreds of electrical
connections (pads, traces, vias)—making the task of fitting a com-
pletely new design on an old PCB daunting if done by hand or
manually in a PCB editor (as shown in our technical evaluation,
the electrical connections on an Arduino PCB is on the order of
thousands).

Workflow. Our tool uses the workflow depicted in Figure 2 (1)
takes a user’s schematic as input (e.g., a KiCad file); (2) takes any
number of PCB boards as its database (these can be screenshots,
KiCad files, or even photos); (3) analyzes each PCB to find if the
user’s components can be fit on it; (4) recursively analyzes each
connection in the user’s circuit and searches for an equivalent trace
on the PCBs; (5.1) if a PCB completely implements the user’s circuit,
which would be less common, the process ends; or likely, (5.2) a PCB
could implement the circuit with some interventions (e.g., cutting a
trace or adding a wire), or (5.3) by stitching several PCBs together
using wires.

How does this work? Our tool is able to retrofit a circuit onto
a PCB even if it is very different from the PCB’s original circuit
because: (1) it abstracts away from the semantic level, e.g., our
tool does not need to fit a resistor where a resistor was originally
located—instead, it finds a new copper location that physically fits
the resistor’s footprint; (2), it exhaustively find ways to retrofit
without worrying about the boundaries of components - for ex-
ample, instead of seeing two resistors side by side, our tool sees
four copper locations which can fit a voltage regulator; (3) it ex-
plores more than just traditional component pads, it considers any
exposed copper as a site to solder a new component—this includes
any test pads, touch pads, pads for connectors, and much more;
finally, (4) while modern PCBs appear to be specific to a single
implementation, many aspects of PCBs are also standardized - e.g.,
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many components share the same footprint allowing our tool to
find matches if the desired circuits also used these footprints.

PCBs as input data. ProtoPCB can take input from different
data formats, including (1) design files of former prototypes (KiCad
files), (2) PCBs found online (as screenshots), or (3) photos of PCBs
found in e-waste. All the PCBs in the Section 5 were taken from
the e-waste of an undergraduate-level electronics class (we had no
control over the designs of these PCBs, they were done by others,
none of the authors). Finally, examples in our evaluation are from
PCB boards found in the Open-Source Hardware certified repository.

Contribution & Benefits. Our main contribution is providing
a new method of prototyping where printed-circuit-boards (PCBs)
are reused for prototyping instead of discarded as e-waste. We
instantiate our concept by developing an interactive tool (ProtoPCB)
that recursively matches a user’s circuit to a database of PCBs.
ProtoPCB is designed for users with experience with electronics
prototyping, namely with soldering and PCB design; this could
encompass not only engineers & researchers but also advanced
makers.

Our approach provides key benefits: (1) it abstracts PCB de-
signs away from their specific components, footprints, and file
formats, instead our approach focuses on the geometry of the cop-
per on the PCB—allowing to increase the chance of reuse; (2) we
introduce a method that computationally solves the search of a
circuit on a target PCB—being able to traverse a sizeable search
space (pads X traces X components X possible locations X possi-
ble interventions)—achieving this manually would be frustrating
and time-consuming; finally, (3) it reduces the waste and costs of

prototyping.

4 Implementation

ProtoPCB is implemented in Python using OpenCV. It was engi-
neered to read data from KiCad design files and/or images. All
code, datasets, and evaluation data are open sourcel. Next, we offer
an overview of the algorithmic implementation of our tool.

4.1 Obtaining PCBs for the database from
images or design files

To add a PCB to the ProtoPCB database, users can provide either (1)
a design file (e.g., a KiCad .pcb file), which ProtoPCB renders to
an image using information on the PCB layers that contain copper
(F.Cu, B.Cu) superimposed with mask layers (F.Mask, B.Mask)—this
is done via cairosvg in conjunction with KiCad command line tools;
or, (2) a photo (or screenshot) of a PCB, which requires an addi-
tional step of pre-processing to binarize the photo—using OpenCV’s
Canny edge detection, followed by cv.findContours, and cv.threshold,
which finds lighter areas that represent the copper (i.e. pads, vias,
and traces). Additionally, and optionally, once a PCB’s photo is
displayed on ProtoPCB’s GUI, the user can inspect detected areas
(e.g., pads/traces) and indicate if they want to ignore these (e.g.,
ignoring silkscreen labels or drawings). Finally, the processed rep-
resentation of the board is added to ProtoPCB’s database—i.e., the
user can now use ProtoPCB to fit new circuits into this board (as
depicted in Figure 3).

!Code & datasets (e.g., scripts, PCB database, and output of ProtoPCB on each test
case): https://lab.plopes.org/#ProtoPCB
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Figure 3: Two possible input formats for the PCBs in the
database: from (a) design files or (b) screenshots/photos of
PCBs.

4.2 ProtoPCB algorithmic search

Iterating over the user’s desired circuit. ProtoPCB iterates over
each component in the user’s desired circuit—a schematic file (.sch
in KiCad). To improve matching of the hardest case, we always start
with the component with the most pins (e.g., a microcontroller).
For each component, we extract its footprint as an image—using
the previous method we described to load .pcb files (using cairosvg
on the footprint) and pass it to our component matching algorithm.

footprint agnostic component matching

1:1 same match on pads of
footprint match a different footprint

[ PCB solder pads component match

match across pads of
different footprints

Figure 4: Using a footprint-agnostic component matching
approach, ProtoPCB does not need to match components to
their exact footprint but, instead, can find diverse placement
options that maximize the solderable pad area for component
pins.

Component matching. We use the image representation of
a component’s footprint as a mask (cv.findContours) and move it
across a target PCB’s image, at steps of 1/16 of the minimum di-
mension of the footprint. As we pan, ProtoPCB intersects (using
cv.bitwise_and) the mask with the target PCB’s copper, saving any
location where all pins overlap with PCB by more than 50% (a
user-defined heuristic via our advanced settings in case users prefer
more or less solder coverage). After the mask is panned across
the whole PCB, ProtoPCB repeats this for different rotations of the
component (0, 45, 90, ..., 315 degrees), maximizing the possible
ways a component can be placed. Using this approach, component
placement matches will include placements along the same foot-
print but also on different footprints and combinations of footprints,
as long as most of each pad is covered as seen in Figure 4.
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Figure 5: ProtoPCB finds ways of implementing a circuit net
by (1) identifying a placement match for an initial compo-
nent, (2) looking at the connected trace of the relevant pin on
that component, and (3) searching for component matches
that touch pads on that trace. Using this strategy, ProtoPCB
maximizes the utility of existing traces on the PCB board.

@ search for next
components on trace

Matching PCB traces to connections. For each location on a
PCB that can fit one of the user’s desired components, ProtoPCB will
search for traces that can accommodate the electrical connections
needed to implement the user’s schematic. We follow the traces that
connect to each previously intersected pad (using cv.findContours)
but also follow connections that go through the back side of the
PCB (through holes called vias, which we locate using its KiCad .drl
drill file and contour hierarchies). Figure 5 shows an example of how
we expand from (1) one pad of the component (in turquoise); (2)
find the connected trace and pad (in pink); and, finally, (3) explore
matches on that pad for the next component (recursively, ProtoPCB
will execute this for all pads).

Recursive search. This is realized with a greedy search ap-
proach, starting from an initial component (most pins), finding
initial component matches, finding all nets that touch the initial
component, and then continuing with the next component (and its
nets) with the largest number of pins that have not been covered by
the search. This process continues until the full circuit is realized.
A circuit is only considered completed if: (1) shared components
are matched on the same location, (2) different components do not
use the same pad (i.e., are not placed on top of each other), and (3)
different traces are used for each net to ensure no short circuits
(results that fail these tests are discarded and never shown to the
user).

Adding interventions. If a full match is not found, the search
continues to find matches with interventions. Matching continues
as before but whenever a component pin cannot be matched on the
board (e.g., due to a conflicting trace or inability to find component
matches on its traces), ProtoPCB sees if a match can be made by
adding a wire (placing the component on a different trace, but
adding a new connection) or by cutting a trace (isolating pads
from a trace, if connecting to the pad would cause an unwanted
connection). Adding a wire is done by searching on pads outside of
the trace, verifying that the addition of this component placement
does not conflict with existing nets, and then storing the added
component as if it was another node connected on the trace but
with a note that an intervention would be needed. Cutting a trace
on the other hand requires changes to the board itself. To do this,
nodes are isolated by drawing a ring around impacted pads and
identifying the necessary cuts to surrounding traces (using OpenCV
draw functions and findContours). Once the cuts have been applied
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to the board, the board’s map of traces and pads gets re-created
using findContours so that new traces created by trace cuts are
treated as separate. If one of these interventions is found, the
search continues (greedily and recursively) until the full circuit is
realized.

4.3 Additional search options

In addition to the standard search method, it is also possible to
activate modes to “allow partial matches” and/or “use multiple
boards” that expand the search parameters.

Partial matches. ProtoPCB also includes a feature to access the
“partial matches” which showcases an incomplete circuit match that
may be missing an electrical connection (no wire could realize it) or
missing a component. Through this feature, users can identify how
much of their circuit they can implement on a given PCB board and
how much of their circuit they may have to find additional boards
for or connect via protoboard, breakout board, or breadboard.

Stitching multiple boards. Analogously, users can use the
tool to split up their input circuit into subcircuits and match those
subcircuits on separate boards. Such a strategy allows for extremely
diverse types of PCBs and components to be used as users can stitch
together various boards that satisfy different parts of the circuit.
These will need to be manually connected by the user soldering
wires.

5 Examples of Prototyping with ProtoPCB

To showcase our tool, we describe examples of how it can be ap-
plied for electronics prototyping: (1) to create breakout boards,
(2) to create circuits rapidly on PCBs, and (3) to evaluate a PCB’s
reusability during design.

5.1 Creating Breakout Boards

If a user is prototyping with breadboards and wants to use an SMD
component, they typically resort to a breakout board (a pre-made
PCB that fits the target component). This requires ordering it,
manufacturing it, or having it in ample quantities around. Figure 6
illustrates how to use ProtoPCB to rapidly make a breakout board
for an SMD headphone jack, which has an unusual footprint while
prototyping an Arduino-based synthesizer. In Figure 6, (a) the
user loads this component’s footprint into ProtoPCB (which takes
photos or KiCad files); (b) ProtoPCB searches through a library of
discarded PCBs, and finds one PCB that can fit the target component
in 39 different locations; (c) shows the user the best location (i.e.,
best overlap of copper under the pads); and, finally, (d) our user
solders four cables and connects it to their breadboard, continuing
to refine it. Note that our user could stop working and order this
breakout board (Sparkfun sells a specific breakout board just for
this component [31]), yet this would not only be wasteful but also
antithetical to the act of rapid prototyping.

While we think this process is especially useful for creating
breakout boards for components with unusual footprints (e.g., SMD
audio Jacks, MEMS microphones, etc.), it also allows for producing
breakout boards for standardized footprints (e.g., create a TQFP-32
breakout for the popular ATMEGA?328) and reducing waste.
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Figure 7: This user implements their conductivity tester circuit directly and rapidly in a PCB, by reusing one of their previous

PCBs.

5.2 Prototyping with PCBs

While PCBs are not typically seen as prototyping materials, they
excel in other qualities such as their ability to support both SMD
and THT components, their robustness due to soldering, and even
lower noise. In Figure 7, we illustrate an example of prototyping
with ProtoPCB: (a) the user loads a schematic for a conductivity
tester (a device that makes a sound if an electrical connection is
present—designed using transistors and an LM555); (b) ProtoPCB
searches the database of discarded PCBs and identifies one that
could be modified (using six wires and four trace cuts) to realize this
circuit immediately; (c) this PCB was left over from the design of a
“Simon Says” game that the user has previously implemented (this
is a functional device made by someone else, not by the authors);
(d) finally, after soldering the additional wires and cutting traces
(with a scalpel, a typical PCB technique)—the user now has a first
iteration of this idea, already in a PCB. In fact, as any engineers used
to working with PCBs, we grew accustomed to waiting week(s) to
receive a new PCB from the factory. While the method shown here
might appear slow, one can add wires/cuts in minutes meanwhile
no tool to date can produce a PCB reliably in this short amount of
time.

5.3 ProtoPCB to estimate future re-uses

Finally, while our previous examples depicted the usefulness of
our tool for rapid prototyping, we turn to a conceptually unique

way to use ProtoPCB: as a tool to evaluate how amenable a PCB is
for future reuses (depicted in Figure 8). To this end, users can run
ProtoPCB on a PCB they are currently designing to estimate how
much it can implement other input circuits. We believe this can
used by future end-users as a kind of reuse-benchmarking for their
own PCBs.

initial PCB design ProtoPCB-informed design

- 00 =IZ4:  reusebenchmarks = 00 4. W reuse benchmarks
=\ ase s test 1 score: 25% - »e test 1 score:
test 2 score: 10% [ I H test 2 score:
- test 3 score: 15% -, - 2o test3score:
ie M
>~ low reuse potential, . 2 _m\ modifications

adding 9 test points
standard footprint swap

o

Figure 8: ProtoPCB can be used to benchmark PCB designs
for reusability by testing how many other input circuits (as
part of a benchmarking suite, for example) could be imple-
mented on this version of the PCB. In this example, after
running ProtoPCB on a benchmarking suite, our user sees
low scores indicating a low reuse potential and makes sim-
ple modifications (e.g., adding test points or using a more
standard footprint). Now, this new design scores on this
reusability benchmark.




ProtoPCB: Reclaiming Printed Circuit Board E-waste as Prototyping Material

CHI ’25, April 26-May 01, 2025, Yokohama, Japan

Table 1: Overview of electrical features and complexity of boards used in evaluation.

PCB Number PCB 1 PCB 2 PCB 3 PCB 4 PCB 5 PCB 6 PCB 7 PCB 8 PCB 9
Board Name LM4040 ACS72x VEML6070 BioAmp  Motor LSM9DS1  Circuit CANtact  Arduino
Breakout  Breakout EXGPill  Driver Play- UNO
Breakout Breakout  ground
No. Components 7 7 7 26 19 20 74 90 111
Number of Nets 4 6 6 17 26 22 56 52 62
Number of Pins 18 19 21 67 78 99 250 348 298
Complexity?® 504 798 882 29614 38532 43560 1036000 1628640 2050836
@ Complexity calculated by multiplying number of components, nets, and pins.
6 Technical evaluation Low Complexity Medium Complexity High Complexity

To validate our tool, we took nine PCBs from the Open Hardware
Association’s repository [32] (open-source hardware certified, both
schematic and board files are open-sourced). These PCBs were
selected randomly but curated to ensure diversity across three
dimensions: pin count, number of components, and number of
nets as shown in Table 1. We group them as low, medium, or high
complexity by multiplying those dimensions to estimate complexity.
As shown in Figure 9, these boards span a wide variety of uses, from
simple breakout boards to EMG amplifiers, or even microcontrollers
(e.g., the popular Arduino UNO).

Method. We ran ProtoPCB with each board as input (desired
schematic) and all other boards as database—excluding: (1) the
input board from the database and (2) the boards with lower pin
count than the desired circuit—this yielded 32 test evaluations
(i.e., ProtoPCB was asked to fit every desired circuit into a PCB of
higher complexity). The goal was to determine if ProtoPCB could
match components, traces, and find interventions to realize these
circuits.

6.1 Overall results

Figure 10 details the percentage of components that were matched
per input circuit for all PCB boards (calculated as the ratio of: num-
ber of matched components / number of components in the input
circuit). We observed that across all 32 test-cases, ProtoPCB was
found matches for an average of 82% (STD: 6.9%) of the components
in the desired circuit.

As expected, no circuit fits perfectly in another circuit—this is
understandable in that these served very distinct purposes, were
created using different sizes (a bigger board can match more cir-
cuits by virtue of its size alone), components, and so forth. First,
ProtoPCB was able to find five PCBs (~14% of the cases) that re-
alized the entire circuit with interventions (we will detail these
in the next section by analyzing two examples in detail). As ex-
pected, these full matches with interventions were cases where a
lower complexity circuit (e.g., a breakout board for the LM4040 or
a breakout board for the VEML6070) was matched against the most
complex ones (e.g., the Arduino UNO). Next, ProtoPCB was able
to realize the majority of circuits (~72%) at >80%-99% of matching.
Finally, a smaller fraction of the circuits (~28%), were matched at
50%-80% of completeness. The complete dataset of our evaluation
(i.e., ProtoPCB’s output for all the 32 tests depicted in Figure 10

@ LM4040 Breakout @ BioAmp EXG PIill @ circuit Playground

(® Arduino UNO

Figure 9: We use nine boards of varying complexity to evalu-
ate our approach. These boards were grouped into categories
of low, medium, and high complexity. Notably, these boards
are diverse in terms of their complexity as well as their func-
tionality.

) will be made available!, to enable future researchers not just to
build on ProtoPCB’s codebase, but also to leverage these tests as
benchmarks for new developments.

6.2 Examining interventions in two exemplary
cases

For the sake of visual clarity, we do not present the output for all
32 cases, these can be found in our repository!. We present two
examples that were matched with interventions in detail, illustrating
how ProtoPCB modified these PCBs to enable reuse

Utilizing the PCB’s existing traces. For the case of matching
the VEML6070 Breakout circuit on to the BioAmp EXG Pill PCB,
almost all the input components were able to be matched except U1l
(the UV sensor), and JP1, the connector pads. All remaining con-
nections and components were fully implemented through existing
underlying traces. A selection of those connections is visualized
in Figure 11. Notably, ProtoPCB searches for ways to maximize
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Figure 10: On the left, we visualize the degree of completeness of ProtoPCB’s matches between input circuit and possible PCBs.
On the right, we visualize the average percentage of component coverage of input circuits.

circuit implementation without needing to consider what the net
was originally. For instance, on the top, the input-circuit’s VDD
net is realized by using the GND net (a large ground “pour” net).
In the ProtoPCB identified match, components are placed to utilize
trace connections optimally.

Identifying interventions. We now turn to our second ex-
ample to examine some examples of interventions. In Figure 12,
we illustrate the interventions needed when matching the LM4040
breakout as input circuit against the LSM9DS1 PCB. Notably, most
of the circuit is still implemented via existing PCB traces (high-
lighted in blue), but certain points needed intervention. In this case,
ProtoPCB found that with 5 added wires (represented in orange)
the input circuit could be fully realized on this database PCB.

7 Discussion

From our technical evaluation, we found that ProtoPCB is a promis-
ing approach to extending the life of discarded PCBs, by matching
them with input circuits. While our evaluation could not possibly
explore all the variability within PCB design, it used boards that
were chosen due to their mainstream availability (all these boards
are already popular with engineers & makers) and represented a
fair spectrum of complexity (e.g., with ~100 components). While,
on average, circuits were matched against other PCBs with 82%
(STD: 6.9%) completeness, we did not observe perfect matches. We
foresee that such perfect matches are only likely to happen in a
smaller subset of simpler input-circuits (comprised of only simple
standardized components, e.g., LEDs, in low numbers). Nonethe-
less, the promise of our tool comes not only in perfect matches but
also matches with interventions (fully realizing a circuit by adding
wires or cutting traces) and even partial matches (e.g.., rapidly cre-
ating breakout boards, leaving some components out to test later,
etc.).

Limitations. Our approach is not without limitations. First,
our speed is still suboptimal (usually minute/s), which stems from
our greedy search process and no parallelism. Additionally, our
tool’s usefulness is limited by the PCBs a user has, so it is most

appropriate for users who often create boards (e.g., engineers &
advanced makers). While our tool can also be used on PCBs with
soldered components, reusing such PCBs would require desoldering
which can be done through multiple approaches - soldering iron,
hot air gun, hot plate, or reflow oven (for melting solder and displac-
ing all components on the board). Additionally, ProtoPCB reads
two-layer PCBs and does not account for connections on invisible
inner layers; this current limitation restricts some of its ability to
operate on ‘found’ boards where users do not have access to design
files. In some cases, users may be able to reverse engineer such
board via electrical testing, but this could be a challenging process.
As shown by our technical evaluation, ProtoPCB may not always
be able to find a match on a PCB for all the desired components.
In such a case, the user would need to either adjust their design,
search for methods of combining multiple boards, or opt to not
reuse PCBs for their project. Moreover, our approach is best suited
for cases in which the input circuit is of lower complexity than
the e-waste PCBs—otherwise, it is unlikely to find useful matches
(see Technical Evaluation). Finally, ProtoPCB works best for circuits
without challenging signal integrity requirements.

Our approach to improving the sustainability of electronics pro-
totyping focuses on remediating the e-waste problem with a new
pathway for PCB reuse other than material-recycling. We see this
as a worthwhile approach provided how most PCBs (with or with-
out components soldered onto them) are recycled in bulk without
regard for the modular functionality of the boards vs. components.
ProtoPCB demonstrates that the PCBs themselves can continue to
be useful beyond being shredded and mined for their raw materials.
While this approach to sustainability is not a one-size-fits-all, as it
still depends on the production of PCBs and does not address the
perhaps excessive production of PCBs, ProtoPCB does extend the
lifetime and utility of PCBs.

Future work. As a new approach, additional work should follow
to explore the boundaries of PCB-reuse; however, we see ProtoPCB
as the first step to computationally reclaiming e-waste PCBs. As
next steps, we believe there are significant performance gains to
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Figure 11: In the case of matching the VEML6070 Breakout circuit to the BioAmp EXG Pill PCB, most of the circuit connections
could be realized by using existing traces on the PCB. We highlight these cases with the VDD, GND, and SDA nets.
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be had by parallelizing our algorithmic search strategy. Moreover,
it may be worthwhile to incorporate additional heuristics based
on common patterns in electronic design. Additionally, there are
even more additional intervention techniques beyond wire/trace-
cutting that can be exploited (e.g., combinations with fabrication
machines like laser cutters or PCB mills). Finally, while ProtoPCB
is primarily a tool to promote the reuse of e-waste PCBs, it might
also provide additional benefits to users as a prototyping tool, each
of these aspects depicts fertile ground for future explorations: (1)
Supporting the reuse of complex PCBs—while our approach
works best with simple circuits, it can also be useful when trying
to reuse complex circuits as is the case of contemporary consumer
electronics with extremely small components (i.e., small soldering
pads, usually hard to reuse); in these cases, ProtoPCB’s search strat-
egy can combine multiple pads to make a single unified solder point,
allowing users to reuse even complex PCBs. (2) Supporting the
reuse of non-standard components—reusing non-standard SMD
components (as featured prominently in ecoEDA [14]) is difficult
without a PCB to solder them onto, but ProtoPCB makes this more
accessible. (3) Creating Stencils—ProtoPCB can also be used as
a way to produce soldering stencil designs. Stencil designs created
with ProtoPCB would not copy the original PCB stencil but would
be customized for the circuit components that the user is intending
to solder on this PCB (e.g., only the necessary pad geometries to
solder are exposed).

8 Conclusions

With ProtoPCB, we explored a novel interactive tool to assist users
with identifying methods of reusing their previously discarded
PCBs to implement new circuit designs. Our technical evaluation
shows that across a variety of PCB designs, it is possible to imple-
ment circuits on PCB boards manufactured for entirely different
purposes. As such, we believe our tool enables electronics engineers
to integrate a new approach to prototyping with PCBs that centers
around reuse rather than manufacturing a new board with every
design iteration. As an approach to recycling electronics waste that
capitalizes on the existing utility of the PCB, we hope our work can
inspire similar approaches to computationally analyzing e-waste
to identify how it can be reused in new projects.
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