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Figure 1: FoldTronics creates 3D objects with integrated electronics. Our design software allows users to: (a) Convert a 3D
model into a honeycomb structure & place electronic components into it. (b) Export the 2D layers (honeycomb pattern, wiring,
insulation). (c) Fabricate the layers on a cutting plotter using sheets of plastic, copper, and regular tape. (d) After soldering and
folding, the object is ready to be used: (e, f) This smart watch has a 2D display when collapsed and a 3D volumetric display

(3 layers, 6 LEDs each) when expanded - the LEDs and wiring are integrated inside the object.

ABSTRACT

We present FoldTronics, a 2D-cutting based fabrication tech-
nique to integrate electronics into 3D folded objects. The key
idea is to cut and perforate a 2D sheet to make it foldable into
a honeycomb structure using a cutting plotter; before fold-
ing the sheet into a 3D structure, users place the electronic
components and circuitry onto the sheet.

The fabrication process only takes a few minutes enabling
users to rapidly prototype functional interactive devices. The
resulting objects are lightweight and rigid, thus allowing
for weight-sensitive and force-sensitive applications. Finally,
due to the nature of the honeycomb structure, the objects
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can be folded flat along one axis and thus can be efficiently
transported in this compact form factor.

We describe the structure of the foldable sheet, and present
a design tool that enables users to quickly prototype the
desired objects. We showcase a range of examples made with
our design tool, including objects with integrated sensors
and display elements.

CCS CONCEPTS

« Human-centered computing — Interactive systems
and tools.
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1 INTRODUCTION

While many of today's fabrication processes allow users
to fabricate passive 3D objects, fabricating 3D objects with
integrated electronics that allow for interactive applications
remains challenging?]. For instance, while itis now possible
to 3D print the wires of a circuit using silver ink (e.gvoxel8),
there is only little progress in fabricating the actual electronic
components themselves (see Lewis et al. for a rst approach
to 3D print an LED [19]).

Since 3D printing is not yet at a level to make fully func-
tional objects, researchers are looking into alternative fabri-
cation methods. For instanc@&bjectSkiti17 dips the object
into a water bath with a Im that contains circuitry;Act-
Mold [4Q places electronic circuitry onto a plastic sheet
prior to draw-forming a 3D structure from it, androldio[27]
prints circuitry onto a 2D sheet that the user can cut and
fold. However, those methods only apply electronics to the
surface of an object.

RecentlyPEP[ 26 showed how to integrate electronics
into the insideof 3D objects by cutting and stacking paper
sheets that were previously enhanced with electronic com-
ponents. However, sincBEPfabricates objects by stacking
paper sheets, the approach is limited to thin- Im electron-
ics, such as at coils and RFID tags, that do not interfere
with the stacking process. In addition, the resulting objects
are solid inside, making it di cult to apply the approach to
lightweight and portable applications.

In this paper, we take a di erent approach: Inspired by
existing methods that fold passive 2D sheets into honeycomb
structures B2 to create rigid and lightweight objects, we
propose a new fabrication technique that combines honey-
comb structures with integrated electronics (Figure 1). Our
method goes beyond existing origami-electronics applica-
tions (e.g., origami robotg] & antenna [42) by providing a
fabrication pipeline supported by a design tool that facilitates
the creation of interactive objects. Users only have to use a
regular cutting plotter to cut the 2D sheets into a speci ¢
pattern, add the electronic components, and then fold the
structure into its nal 3D shape.

2 RELATED WORK

Our work is related to literature in HCI on making 3D struc-
tures from 2D sheets and on integrated electronics.

Fabricating Interactive 3D Objects
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and actuators to the end of the tubes, Savage et ¢n-
able objects to sense the user's interaction with the object
and to actuate them accordingly. Many more approaches
have been developed a review can be found in Ballagas
et al. [1]. Closest to our approach iBrintGami[7], which
enables users to create interactive 3D printed objects by in-
serting paper circuits into passive printed objects during the
printing process. All of these approaches are limited in the
type of sensing and actuation they can integratesidethe

3D objects. Our approach, starting with a 2D sheet that is
subsequently folded into a 3D shape, can house any type of
sensor and actuator.

Cu ing & Folding to Make 3D Objects

Many research projects have investigated how to make 3D
objects from 2D pieces either by stacking she&tatpdesk
12303, LaserStackdB€, Layered Fabric printdBQ), inter-
secting and interlocking 2D piece®latenef 3], SketchChair
[33, FlatFitFalj27), or most related to our work through
folding (Making PaperCraft ToyiR3, LaserOrigam[24],
CurvedFolding17). We use folding for our work since it
requires only a single 2D sheet to make 3D objects. In addi-
tion, since we use honeycomb structures that leave a sparse
volume, folding allows for application scenarios that require
lightweight and portable structures (e.g., wearables, mobile
applications).

2D Printing of Electronics on Sheets

One of the most popular approaches to apply circuitry onto
2D sheets is conductive inkjet printing of silver inKLfl, 16.
This approach has been employed by many papers in the re-
lated work to fabricate the circuitry for displaydfintScreen
[29)), sensorsoldio[27]), and actuatorsniMorph[13).
However, since inkjet-printed traces are fragile, we found
that they are not robust to withstand folding. Thus, similar to
the objects illustrated ifMidas[35, we use the more robust
conductive copper tape to create the circuitry of our objects
and cut it into shape with a cutting plotterShrinkyCircuits
[2]] applies heat to plastic sheets to improve electrical char-
acteristics of hand-drawn circuits.

Stacking Functional Layers on 2D Sheets

Similar to other related work, we do not only use a single
functional layer on the 2D sheet but stack multiple layers.
Related to our work iPrintem[5], a ve-layer sheet that

Several approaches have been explored to add interactivity allows for fast production of circuit boards using only a 2D

to 3D objects. For instance, by inserting three-axis wireless
accelerometers into 3D printed objects, Hook et d4[en-
able those objects to detect input from the user. By inserting

printer and a UV light. SimilarlyFoldeni6] is a sheet con-
sisting of bendable and rigid layers that when cut selectively,
allows for varying exibility in each region of the sheet. Fi-

a series of pipes into 3D printed objects and adding sensors nally, BlowFalj41 is a 3-layer sheet made from Kapton Film,

Lhttp://store.voxel8.com/product-catalog/standard-silver-ink-3-cc

2https://www.autodesk.com/solutions/123d-apps
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PET, and masking tape that when selectively engraved and in the opposing direction. This causes the strip to fold into

cut can be used to create in atable objects. We add to this
work by proposing a new multi-layer architecture to create
functional foldable honeycomb structures with integrated
electronics.

Honeycomb Structures

Honeycomb structures o er high strength and rigidity and
are therefore used for various industrial products ranging
from aircraft and space satellites to furniture (chairs, shelves)
[4]. In addition, honeycomb structures have many functional
properties that allow them to be used for heat insulatiotd,
sound insulation B1], recti cation [ 4] and impact absorp-
tion [39]. Since our proposed technique and software make
it possible to integrate various electronic devices into a hon-
eycomb structure, we allow designers to build a variety of
functional interfaces that harness the honeycomb's excellent
mechanical and functional properties.

3 BASICS OF INTERACTIVE HONEYCOMB
STRUCTURES

For our method, we employ a standard kirigami honeycomb
cutting and folding method 32. We will brie y describe how
this works and how we extend it to integrate electronics.

Basic Folding Principle

Figure 2 illustrates how we can fold honeycomb cells by
cutting and folding paper.

Figure 2: Folding honeycomb structures: (a) half a column
of cells, (b) column of cells, (c) multiple columns.

Creating half a cell columiEach column of honeycomb
cells consists of mountains and valleys. Mountains are lines
that are bent in one direction, valleys are lines that are bent

its characteristic shape. Figure 2a shows the strip pattern to
create half a cell column from mountains and valleys.

Creating a full cell colummTo create both sides of a hon-
eycomb cell column, we duplicate the previously described
pattern (Figure 2b). The center line connecting the two half-
columns needs to be designed as follows: A slit is placed
along all center line segments that do not connect to two
valleys (they will form the hollow cell), all line segments
connecting two valleys use a mountain line (they form glue
surfaces that will hold the structure together after folding,
see Figure 2b).

Creating multiple cell columnBinally, to create a second
cell column, we can use the cutting pattern shown in Figure
Figure 2c. Again, we duplicate the pattern from the previous
image and place it right next to the existing structure. In
addition, where the two cell columns meet, we now place
slits whenever the center line segments do not connect to
two mountains (to form the hollow cells between the two
columns, see the hollow cell in Figure 2c). All line segments
that do connect to two mountains now use a valley line (they
form the glue surfaces that hold the two columns together).
To create more than two columns, we can repeat this pattern
as many times as required.

Cell SizeThe size of the cell determines the resolution
of the honeycomb structure (Figure 3). This is not only im-
portant to represent the original shape of the 3D object as
accurately as possible, but also for the placement and wiring
of electronic components: Since the electronic components
are placed inside the cells (Figure 3b), the cells need to have
at least the same size as the components. Similarly, since the
wires are placed alongside the walls of the cells, the larger the
cell, the more wires can be routed to an electronic component.
Thus, there is a trade-o between honeycomb resolution and
size of electronic components. Smaller electronic compo-
nents work better since they allow for a higher resolution.
Each cell can also house multiple electronic components as
long as they tinside the cell.

Figure 3: (a) The cell size (length, width, height) determines
(b) the size of the electronic components and numbers of

wires that can be placed.
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Placing Electronic Components

When folding the honeycomb, some cells are formed from
the top side of the sheet while others are formed from the
bottom side of the sheet. Since we only support one-sided
circuit boards, we can only place electronic components into
those cells made from the top of the sheet (Figure 4).

In addition, electronic components can only be placed
onto surfaces that are not being glued together. On the top

side of the sheet, the mountain surfaces become glued and

thus cannot be used for placing electronic components (see
crossed out side faces in Figure 4b).
In our design tool, we highlight which cells can be used for

placing electronic components. For instance, users receive a

warning when placing a component as shown in Figure 4b
since the component is housed in an invalid cell made from
the bottom of the sheet and the wiring is on a mountain
surface that would be glued when folded.

Figure 4: (a) Electronic components can only be placed on
the surfaces that are not being glued, and (b) only into cells
that are formed from the top of the sheet.

Circuit Layout on Honeycomb Foldable Structures

Finally, the wires to connect the electronic components can
be placed onto any surface that is also suitable for an elec-
tronic component (i.e., it is neither on the back of the sheet
nor being glued together). We prevent short circuiting of
wires as a result of folding by adding an insulating sheet in a
later step of the pipeline (see section "fabrication process").
Cross-Cell Circuit Connectéis mentioned previously, the

cell size determines how many wires can be routed to a cell.
For example, as shown in Figure 5a, when the width of a cell
is 7 mm and the width of the wire is 1 mm, only 4 wires can
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surface, our cross-cell circuit connector only works on moun-
tains since other surfaces do not become glued together.

Figure 5: (a) Traditional wiring method. (b) Our new wiring
allows for more wires due to folding.

4 FOLDTRONICS PIPELINE

Next, we describe how users can create interactive objects
with integrated electronics using the FoldTronics design
software and fabrication pipeline. We will illustrate all steps

at the example of making a simple LED circuit with one
cross-cell circuit connector and a battery. We chose this
simple example for the step-by-step illustration and will
demonstrate more complex use cases in section "Scenarios.”

Figure 6: (a, b) Walk-through example: functional LED cir-
cuit with one cross-cell circuit connector and a battery.

Creating interactive foldable 3D objects, such as the func-
tional LED circuit with battery, requires three steps:

(1) Device Desightsers start by 3D modeling their device,
then convert the 3D model into a foldable honeycomb struc-
ture using our conversion software, and place the electronics

reach a cell since we also need to leave a 1mm gap betweenonto the cells facilitated by our software's guidance tools.

each wire. To allow for more wires, we created the wiring

(2) Export for Fabricatiohext, users export their design

method shown in Figure 5b: This wiring method leverages for fabrication on a regular cutting plotter. All layers are ex-
the fact that after folding, the mountains will be connected ported "fabrication-ready” except for the wiring layer, which
since they are being glued together. When the mountains requires users to open it in the electronics design software
become glued, seemingly unconnected wires become con-EAGLE to use its auto-wiring function.

nected and the circuit is closed. Figure 5 shows the results:  (3) Fabrication & Assemblyinally, users use the cutting
rather than (a) just 4 wires, our new method (b) allows for 8 plotter to fabricate the di erent layers, then solder on the
wires. However, while regular wiring can be placed on any electronics and fold the shape into its 3D structure.
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The software for our design tool can be found on GitHub
A full list of materials and a step-by-step description of the
process can also be found in our FoldTronlestructables
tutorial®.

#1 Device Design using FoldTronics User Interface

To create the LED circuit, we start by creating a 3D model
in the 3D editor Rhino3D for which we implemented our
FoldTronics plugin (Figure 7a). After creating the basic shape
of the 3D model, we convert it into a honeycomb structure by
pressing the "convert" button. As soon as the algorithm split
the model into the honeycomb cells, the result is displayed
in the 3D view (Figure 7hb).

Figure 7: (a) Converting the 3D model into (b, ¢) honeycombs
with di erent resolutions.

We can now vary the resolution of the honeycomb using
the provided slider to nd the best trade-o between higher
resolution and having enough space in the cells to house
the LED, the battery, and the cross-cell circuit connector.
Figure 7b/c show di erent resolutions (5mm vs. 4mm for
the width of the cells) for this purpose. The resolution slider
changes both the number of columns and the number of cells
simultaneously because changing the resolution for columns
and rows separately would cause the nal shape to di er
from the original shape.

To add the LED, battery, and cross-cell circuit connector,

can now drag the LED and other electronic components to a
location in the 3D volume. In case we accidentally place a
component onto a fold or a non-valid cell, it is automatically
relocated to the next valid cell (Figure 8b).

Figure 8: (a) Adding electronic components from the menu,
(b) relocating components to valid cells, (c) color-coding
components that are too large.

If the width of the electronic component, such as the LED,
is too large (i.e., larger than the width of the cell), the color
of the electronic component changes to black and a warning
is displayed on the menu (Figure 8c).

We are done with placing the components. Before export-
ing, we use the "Collapsing Simulation"” slider to preview
how the design will look when compressed and expanded
again.

#2 Export for Fabrication

Once we are done with placing the electronic components,
we hit the "export" button to generate the layers for fabri-
cation. As can be seen in Figure 9, on export, our 3D editor
plugin creates all layers of the fabrication stack as 2D draw-
ing les (.DXF le format) except the layer that contains the
wiring, which we will create now as a seperate step in the
process.

To generate the missing wiring layer, users openthe 2D le
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we select them from the list of components from the menu  of the honeycomb structure in the electronic design software

and add them by clicking the respective button (Figure 8a). EAGLE and execute our custom EAGLE ULP plugin. As can
This automatically creates a 3D model of a box representing pe seen in Figure 10, the plugin (a) generates a circuit board
the size of the selected electronic component (Figure 8b). We the size of the honeycomb pattern and then converts each
colored square back into an electronic component (i.e. the
LED, battery, and cross-cell circuit connector). (b) With the

electronic components already on the sheet, users can now

Shttps://github.com/eratoimf/foldtronics
4https://www.instructables.com/id/Fold Tronics-Creating-3D-Objects-
With-Integrated-EI/
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Figure 9: Individual layers generated using Grasshopper and
EAGLE to create a honeycomb structure with integrated elec-
tronics.

build the schematic. (c) Finally, users can use EAGLE's auto-
wiring function to create the full circuitry on the sheet, and
then export the design as .DXF le, which provides the last
missing layer for fabrication.

Figure 10: (a) Generated circuit board + colored squares con-
verted to electronic components in EAGLE, (b) the user cre-
ates the logical connections, then (c) uses EAGLE's auto-
wiring to create the circuit.

#3 Fabrication & Assembly

To fabricate the layers, we only have to cut the 2D drawing
of each layer (.DXF le format) in the right order using the
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cutting plotter. We use the FoldTronics settings sheet to set
the cutting blade width, speed, and force for each layer.

Cutting / Perforating the Base Sha&@e rst insert the
base sheet (PET plastic) into the cutter and cut and perfo-
rate it to create the mountain, valley, and slit lines as well
as the markers for the electronic components (Figure 11).
The FoldTronics process only perforates the sheet from the
top and di erentiates between mountain and valley lines
using separate visual notations (dotted lines for mountains
vs. dashed lines for valleys) since they require folding into
opposing directions later on (Figure 9a). Alternatively, the
FoldTronics process can also perforate the sheet from both
sides, i.e. perforate the mountains from the top and valleys
from the bottom, however, this requires reinserting the sheet
into the cutting plotter.

While all the slits are cut through, the outline of the hon-
eycomb is only perforated to keep it connected to the main
sheet, which allows us to further process the sheet with the
cutting plotter in the next steps. Finally, the areas where elec-
tronic components will be soldered on are also perforated to
make it easier to nd out which component goes where.

For the objects used in this paper, we use PET plastic
sheets, thickness 0.1mm and cut the sheets with a cutting
plotter (model: Silhouette Portraif settings cutting: blade
0.2mm, speed 2cm/s, force 10, settings perforating: blade
0.2mm, speed 2cm/s, force 5).

Figure 11: (a) Inserting the sheet into the plotter, (b) the cut
& perforated honeycomb still connected to the sheet.

Placing the Wiring with Copper Tapdext, we place a
layer of one-sided copper tape (thickness: 0.07mm) across
the entire sheet (Figure 12a). We put the sheet back into the
cutting plotter with the copper side up, then execute the
le to cut out the shape of the wires (Figure 9b) which is
con gured to make sure to not cut into the base sheet (cutting
settings: blade 0.2mm, speed 2cm/s, force 13). Afterwards,

Shitps://www.silhouetteamerica.com/shop/portrait/silhouette-portrait-2-
4t
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