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Figure 1: Fibercuit overview. a) Our fiber laser engraver setup with a custom rotary table. b) Cutting the conductive layer on our
custom composite using the fiber laser. c) A kirigami flower circuit that can function as an Arduino. d) A custom stretchable

flex cable. e) A kirigami crane with a battery holder and 2 LEDs.

ABSTRACT

Prototyping compact devices with unique form factors often re-
quires the PCB manufacturing process to be outsourced, which
can be expensive and time-consuming. In this paper, we present
Fibercuit, a set of rapid prototyping techniques to fabricate high-
resolution, flexible circuits on-demand using a fiber laser engraver.
We showcase techniques that can laser cut copper-based composites
to form fine-pitch conductive traces, laser fold copper substrates
that can form kirigami structures, and laser solder surface-mount
electrical components using off-the-shelf soldering pastes. Com-
bined with our software pipeline, an end user can design and fabri-
cate flexible circuits which are dual-layer and three-dimensional,
thereby exhibiting a wide range of form factors. We demonstrate
Fibercuit by showcasing a set of examples, including a custom dice,
flex cables, custom end-stop switches, electromagnetic coils, LED
earrings and a circuit in the form of kirigami crane.
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CCS CONCEPTS

« Human-centered computing — Interactive systems and
tools; Interaction devices; - Hardware — Printed circuit boards.
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1 INTRODUCTION

In the ongoing effort to weave computing into our daily lives [49],
designing smart devices has been a major research focus in HCL. As
these devices aim to discreetly recede into the environment or onto
the user’s body, they usually possess small and unconventional form
factors. Building and prototyping such devices requires multiple
rounds of iterative design to successfully integrate the function into
the form. While the consumerization of 3D printers and laser cutters
has shortened the iteration cycle, this advancement has been largely
withheld from the PCB design and manufacturing process. Due to
their flexibility and convenience, breadboards are still the most
popular method to quickly prototype circuits. Apart from requiring
bulky breakout boards for all surface-mounted components (SMD),
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integrating breadboards into compact designs where the formfactor 2 RELATED WORKS

ideally blends into the backgrqund like 10T and wearables Our contribution builds upon prior research focused on fabricating
remains a challenge. In these instances, researchers and makersgjrcuits using o -the-shelf machines, fabricating circuits using a

rely on outsourcing PCB fabrication to a small-batch manufacturer. |aser peam, and fabricating circuits beyond conventional 2D form
As this outsourcing is not just limited to the nal product butalso  f5ctors.
for intermediate iterations, along with the economic burden, this
introduces weeks to months of delay in the prototyping process. 2 1 Fabricating Circuits Using O -the-Shelf
Thus far, chemical etchingZ] and CNC milling [24, 44 have Machines
been two of the most commonly used circuit prototyping methods ) ) ) )
by makers and researchers. In chemical etching, copper is selec-AS discussed in the m_troo!uctlon, several approaches have been
tively dissolved on a masked substrate to create conductive traces. @dopted to fabricate circuits on demand. For example, CNC ma-
This method can be used to create circuits that are either rigid Cchines such as LPKF ProM&4 and Bantam PCB milling tools44
or exible. Unfortunately, the chemical etching process can easily have been used in maker spaces and lab settings as they o erreliable
lead to over or under etching of the traces. The resolution, and creation of conductive traces. However, because these machines use
therefore the minimum width of the traces and pads, is often fairly & high-speed spindie to selectively remove copper from traditional
large [L5), limiting the capability to prototype small circuits orthose ~ FR-4 blank boards, the substrate must be rigid. Flexible circuits
which require ne-pitch SMD components. Handling corrosive and that.are commonly used in smalll devices or wearables cannot be
toxic chemicals in a maker environment also presents a few safety fabricated with most CNC machines.
challenges. Desktop CNC milling machines have been used to man- 10 make exible circuits in-house, researchers have proposed
ufacture rigid PCBs on solid substrates. Although reliable and safe, di €rent fabrication techniques utilizing o -the-shelf machines
this method cannot always support unconventional and compact O Custom circuit substrates. For example, chemical etchi?ig [
form factors which require a_exible PCB. Circuits have also been 1S & widely adopted method in the DIY communitg][as well as
directly integrated into paper, thermoplastic, and laser-cut artifacts N HCI research.g, [19) as the procedure does not require any
using conductive ink 19 30 42 46, lament [9, 16 or copper highly spemahze_d equr_nent. Howe_ver, the chemical react_lon can-
wires [33. Although these methods a ord unconventional shapes, N0t guarantee high-quality conductive traces as over-etching and
like chemical etching, the electrical characteristics are constrained Under-etching are very common. Handling corrosive chemicals
by the methods and the materials. For example, soldering small, &/S0 requires additional safety measures. Researchers have also
ne-pitched SMD components onto a paper-based circuit or a 3D explored the fabrlcatlgn of exible circuits using low-cost plotting
printed object is extremely challenging, if not impossible. tools. qu example, vinyl cutterg havg been used to cut conformal
This paper presents Fibercuit, a suite of techniques to fabricate conductive traces out of adhesive foil8g and gold leaf .§. A
high-resolution exible circuits suitable for rapid prototyping. Our ~ Series of works §, 10 11, 19 31, 32 34 present techniques that
techniques are centered around a desktop ber laser engraver. These Utilize commodity inkjet printers to fabricate circuits on paper or
machines are similar td » laser cutters which are commonly seen ~ CUstom Im. While these approaches can create exible circuits on
in maker spaces or lab settings, but are usually used to engrave thin- Im subs_trate_s, t_he conductive trace_s are elther low-resolution
metallic materialsi.e, engraving initials on the back of a mobile ~ (€-gwith a width limit of 0.5mm or 20 mils, according tdlf), or
phone or a tablet. In this work, we re-purpose the ber laser en- have low conductivity, due to the ink's high volume resistance com-
graver to fabricate custom exible circuits. We showcase the laser Pared to that of copper (2004 cm ' vs.1%68p cm h. Substrate
cutting work ow to fabricate standard exible circuits, as well as materlal§ such as paper are also fragile, requiring extra care during
a suite of additional techniques using the ber laser engraver to  Prototyping. _ _ o
solder SMD components and fabricate circuits with kirigami shapes. ~ Similar to the aforementioned approaches, Fibercuit is based on
These techniques are unique to ber laser machines and, when com- USing 0 -the-shelf machinery with a custom substrate. However,
bined, allow us to fabricate circuits with greater varieties in size, SiNce our method removes copper material with a high-energy laser
sti ness, and malleability; The copper traces made with Fibercuit P&am that has no direct contact with the substrate, Fibercuit can
are also high-resolution (as low as 8 mils), which, to the best of our Produce high-resolution conductive traces suitable for prototyping
knowledge, was typically achieved only in professional work ows small and exible circuits. Aside from this, our custom substrate is
in the past. based on Kapton tape, providing higher robustness when compared
We report the con guration of the machine, the process of prepar- 0 other exible substrates such as paper.
ing custom circuit composites, and the techniques we have devel- . . . . .
oped to enable the fabrication of exible circuit boards. We also 2.2  Fabricating Circuits using a Laser Beam
introduce a software interface that allows an end user to design Due to the democratization o > gas laser cutters, they are now
custom circuits on kirigami shapes by simulating and visualizing commonplace in research labs and maker spaces. This has inspired
the folding process. The software also generates the vector les HCI researchers to explore methods to fabricate circuits with lasers.
required by the ber laser engraver to fabricate the kirigami circuit.  Since $ 2 lasers are primarily used to cut organic materiatsd.
We conclude with several fabricated examples that highlight the acrylic, rubber, and wood) and not metals, they are unable to cut
bene ts of our method, along with a discussion of the limitations  conductive traces directly. Instead, researchers have employed laser
of our approach and possible future improvements. cutters to create stencils, masks, or molding templates into which
conductive material is added. For example, Silicone Devi2és [



Fibercuit

presents a DIY work ow to fabricate multi-layered soft circuits.
The $  laser precisely cuts layered vinyl masks into which liquid
metal can be injected. Similarly, iSkid§ laser-patterns silicone
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materials. P6 31, 38 42 combine printed circuits and the exibility
of paper to customize paper crafts with electronics.
While Fibercuit is primarily a rapid prototyping method for

elastomers such as PDMS and cPDMS to create conductive linessmall-scale exible circuits, we also present additional techniques to

and electrodes, onto which additional silicone is added to seal the
circuit traces.

Recently, researchers have also explored the possibility of di-
rectly generating conductive traces using$® » laser cutter. Laser-
Factory B(Q demonstrates a modi ed end e ector that can deposit
and solidify conductive silver ink using laser-generated heat. Circ-
Wood [17] presents a novel approach to generate electrical traces
by partially carbonizing the surface of the wood using a laser cutter.
LASEC [L7 uses a laser cutter to ablate conductive materials such
as ITO, Ag paint and PEDOT:PSS to form stretchable conductive
traces. While these techniques open up opportunities to enable
the rapid prototyping of circuits with common laser machinery,
the circuit size and the trace width are generally incomparable
with exible printed circuits from the industry, and thus, circuits

fabricated using the aforementioned methods are usually sizeable.

Besides commodity 2 laser machines, high-end laser machines
have been used to prototype exible circuits with small form factors.
For example, UV laser machines that specialize in circuit prototyp-
ing have been used to manufacture exible wearable electronic
devices (1, 29). Advanced laser machines that include bogh 2
and ber laser headsd.g.[41]) have been used to fabricate exible
circuits [20].

Fibercuit uses a commodity ber laser engraver machine that
contains a single ber laser source. We showcase how Fibercuit
can cut substrates which contain both a copper layer as well as a
polyamide Kapton layer with ne details. Since a ber laser engraver
is a ordable (as of 2022, a 50W desktop ber laser engra\@iig
around 5K USD, which is within the same price range as a hobby
$ 2 laser such as3€]), our approach has the potential to democra-
tize ways of rapid prototyping high-quality exible circuits in lab
and maker settings.

2.3 Fabricating Circuits beyond 2D

In order to add sensing and display capabilities to daily objects
or environments, HCI researchers have proposed di erent ways
to blend circuits into ambient space through hydrograph¥1],
inkjet printing [ 19, 32, spray painting b0, 51], and custom plotting
devices B, 35. These approaches allow post-hoc application of
in-situ circuitry on existing objects or surfaces.

Researchers have also looked into prototyping circuits in 3D
form factors, commonly through 3D printing. For example, cus-
tom sensors can be printed either directly using conductive la-
ment [9, 39 4( or by post-treating the materials using laser fus-
ing [43 or electroplating [LG 21]. Alongside multi-material print-
ing, conformal circuits or breadboard structures can be integrated
into 3D printed objects with conductive ink injection37, 52 or
thermal mounted copper foils [45].

Compared to 3D printing the entire hull of the object, quasi-
kirigami methods like cutting, folding and bending can create 2.5D
circuits with at materials. As examples, Lo et.a2§ and Wang
et.all4g manage to create 2.5D circuits from pre-processed 2D

fold copper substrates to form circuits beyond 2D. Unlike previous
work that uses$ » laser cutters to bend acrylic sheets based on
gravity [8, 22 28 47, a ber laser can control the bending angle of
a metallic sheet computationallyi 14 22. We showcase how the
bending of metal sheets can be combined with circuit prototyping
to create 3D artifacts with integrated mechanical and electrical
features.

3 BACKGROUND ON FIBER LASER

$ o lasers are now commonplace in a lot of maker environments,
but the commercial expansion and adoption of ber lasers are rel-
atively recent and limited. For a user, the fundamental di erence
between a$ ,laseranda berlaseris the type of materials that can
be processed by each type of lasér., lasers 10 600hm range) are
able to cut organic materials like textiles, wood and cardboard. For
inorganic materials like metal, a high-power ber laset@6hm
range) is appropriate. In addition to the wavelength, ber lasers
innately produce a higher quality (better focused) beam which not
only increases the e ciency of the laser but also enables a higher
resolution while cutting and rastering. Fiber lasers also use a 2-axis
galvanometer laser scanner as opposed to the slower 2-axis gantry
system commonly seen ir$  lasers. This results in a smaller
working area, but much faster cutting and rastering speeds.

While the most popular consumer demand for ber lasers revolve
around engraving metallic devices to customize them, we see an
opportunity to re-purpose a ber laser engraver for exible circuit
prototyping due to its high-e ciency, high-quality cutting results
and high speed. Our work and experiments are based on an o -the-
shelf 50W desktop ber laser engraveé]as is shown in Figure la.

4 FIBERCUIT

In essence, a basic dual-layer exible circuit is a sandwich structure
with a conductive layer on either side and a dielectric insulating
layer in between. The top and bottom layers contain conductive
traces, pads, and pours. The dielectric layer hosts the conductive
elements and electrically isolates the two layers (Figure 2). In addi-
tion to the sandwich structure, a circuit board must perform three
functions. One enable the a xing of electronic components at
designated spots through-hole or surface mountwg provide
reliable electrical contact between the terminals of the electronic
components traces.Three allow interconnections between con-
ductive layers vias.

As a dual-layer circuit is an extension of a single-layer circuit
with an additional conductive layer on the opposite side and vias to
interconnect between layers, we rst explain our basic techniques
with a single-layer circuit, then introduce the techniques required
to manufacture a dual-layer circuit. We rst introduce a custom
substrate containing the conductive and dielectric layers that can
be cut by the ber laser. We then introduce techniques to create
traces and the isolation between them to form functional circuits.
We explain how vias are created to enable dual-layer circuits and

nally detail the post-processing methods to add robustness. All
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