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Figure 1: An overview of VIK. A) a single lattice face produced in a PCB house; B) an assembled functional voxel; C) a screenshot
of the design and simulation tool; D) an assembled responsive chair; E) a pressure sensing bridge assembled from VIK.

Abstract

Prototyping large, electronically integrated structures is challeng-
ing and often results in unwieldy wiring, weak mechanical prop-
erties, expensive iterations, or limited reusability. While many
electronics prototyping kits exist for small-scale objects, relatively
few methods exist to freely iterate large and sturdy structures with
integrated electronics. To address this gap, we present the Voxel
Invention Kit (VIK), which uses reconfigurable blocks that assemble
into high-stiffness, lightweight structures with integrated electron-
ics. We do this by creating cubic blocks composed of PCBs that
carry electrical routing and components and can be (re)configured
with simple tools into a variety of structures. To ensure structural
stability without expertise, we created a tool to configure structures
and simulate applied loads, which we validated with mechanical
testing data. Using VIK, we produced devices reconfigured from
a shared set of voxels: multiple iterations of a customizable AV
lounge seat, a dance floor game, and a force-sensing bridge.
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1 Introduction

Functional interactive devices can be difficult to prototype, espe-
cially at sizes larger than the desktop scale. To help illustrate the
friction in current standard digital fabrication workflows, we con-
sider a hypothetical scenario: Victor is a designer who wants to
prototype an interactive chair as part of their course final. Though
Victor is hypothetical, this story is informed by the many years
we have spent teaching a digital fabrication course, and the com-
mon struggles we have observed students encounter while trying
to deploy functional objects. Victor begins by using CAD to de-
sign the mechanical elements of the chair, intending to eventually
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CNC cut the chair from wood. Victor first makes a prototype from
laser-cut cardboard at their university maker space. After cutting,
Victor realizes that the slot-fits are misaligned and has to re-design
and re-cut, wasting the previous material and shop-time. Victor
then prototypes the electrical system by placing different modules
on the chair and connecting them via a mix of jumper cables and
copper tape, which have to be soldered as the connections aren’t
robust enough. Victor then moves on to a final version using %’
plywood, which is thicker than necessary to guarantee load-bearing
capacity. They then have to adjust the design, re-cut, re-assemble,
and re-integrate the electronics. While carrying the chair to class,
a copper tape trace is torn on a door handle, and Victor has to
last-minute debug and fix the chair. After the demo, some students
have suggestions as to how the chair design and electronics could
be improved, but Victor won’t follow up on these suggestions as
they would require substantially reworking the chair. In the end,
Victor moves the chair to their office, before eventually throwing it
out once the electronics stop reliably working.

Instead of this laborious process, an ideal combined mechanical
and electrical prototyping system would afford cheap, quick itera-
tions with simple tools, robust mechanical and electrical properties,
and various I/O capabilities. However, the development of such a
system comes with three main challenges: 1) the prototyping of
large and robust structures is too time-consuming and/or expensive
for rapid iteration; 2) approaches for embedding electronics into
3D forms are difficult or impossible to reconfigure, while the graft-
ing of electronics onto 3D forms is typically fragile and inelegant;
and 3) iterative prototyping of electromechanical systems requires
continuous access to digital fabrication tools.

While prior work has addressed some issues associated with
porting electronics to 3D forms, most of this work is targeted at a
relatively small scale and wouldn’t help our hypothetical designer.
For example, at the desk-top scale, [40] uses curved breadboards
for more accurate looks-like prototyping of electronic devices, [35]
uses commercial metal 3D printing services to create functional
components with embedded sensing elements, and [23] creates a
workflow for conforming circuits to curved surfaces. And, while
prior works have developed tools for large-scale mechanical proto-
typing systems, such as large-scale dynamic constructions in [26],
or a handheld extruder for 3D-printing prototype furniture-scale
objects [3], these leave electronics integration as an afterthought.

We present VIK, the Voxel Invention Kit, as a potential solution.
VIK uses aluminum PCBs as 3D lattice building blocks, or voxels,
that assemble into structures (see Figure 1 for an overview). The
system’s basic unit has high mechanical performance with embed-
ded electronics and uses a cheap, fast, and commercially available
manufacturing process to increase accessibility to the system.

Our main contributions are:

The creation of an integrated prototyping platform for creating
large and robust yet lightweight electromechanical structures that
can be built and reconfigured cheaply, quickly, without waste, and
using only a soldering iron and pliers.

The development of press-fit functional voxels composed of high-
stiffness and high-strength lattice units with integrated sensing,
response, and processing abilities for assembling reconfigurable
electromechanical structures, as well as electrical and physical
accessories to customize IO capabilities and structural shape.
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A design tool to enable end-to-end rapid prototyping with VIK:
users can use the tool to design structures and simulate the struc-
ture’s response to mechanical loads to inform their design.

The demonstration of potential interactive use cases with the
voxels, specifically, we demonstrate the interactive prototyping pro-
cess through several iterations of an I0-enabled chair, a dance floor
gamepad, and a force-monitoring bridge, which are (re) assembled
from a shared set of voxels.

2 Related Works

Few works in HCI focus on prototyping large and sturdy structures
with embedded electronics. So, to further inform the development
of our system, we draw from three topics in HCI that have received
more extensive investigation: modular electrical prototyping kits,
embedding electronics into 3D forms, and fabricating large, sturdy
structures. In the following section, we investigate each of these
sub-areas to identify their trends, successful approaches, and over-
arching limitations. A comparison of some key parameters is shown
in Figure 2. These are then synthesized together to construct an
intersectional set of principles used to develop VIK.

2.1 Electrical Prototyping Kits

When designing modular electronic Kkits, there are critical design
decisions and tradeoffs that affect the audience and agency a kit
provides. We intend VIK to be a low-threshold high-ceiling proto-
typing platform for electromechanical structures that is targeted
toward makers and practitioners. To inform the design of our
system, we look to review papers that compare many types of pro-
totyping kits to extract meta-themes. We prioritized reviews that
discuss the prototyping kits for practitioners and makers, instead of
those used for educational purposes. For educational kits, the focus
largely lies on the learning that occurs through making, whereas
maker-oriented kits emphasize what can be made with that system.
In a survey paper of electrical prototyping systems, Lambrichts
et. al [28] identify several key takeaways. First, the top feature that
users look for in these kits is that prototypes are easy to iterate—
after that, users prioritize easy debugging, durability, reusability,
and affordability. With this the authors postulate that “it is more
convenient to construct a prototype with a toolkit that (1) does
not require connecting individual wires, (2) can be programmed by
physically interconnecting blocks, (3) does not require additional
tools for connecting modules, such as adhesives or stitches, and (4)
can be connected in a bus topology” [28]. Additionally, it is noted
that people who employ electrical prototyping kits are generally
resistant to adopting new platforms— they are happy with what
they use, fearing that a new system will be inconvenient to learn,
offer few feature improvements, and could be deprecated in the
future. Thus, even if a new system is easier to use, that does not
mean that people will actually use it. They also note that for users
already familiar with electrical prototyping kits, the electrical and
programming expertise required by existing systems is rarely a
major barrier and suggest focusing on other features to improve.
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Figure 2: Comparison of selected electrical and mechanical prototyping kits in terms of sturdiness, size, and availability.

2.2 Fabricating 3D Forms with Integrated
Electronics

Since VIK is intended as a combined mechanical and electrical pro-
totyping system, we investigated the different ways that people
integrate electronics into physical devices. From this, we identified
three main themes: grafting, embedding, and ensemble config-
uration. In this section, we sift through the considerations and
limitations of each approach to inform the approach we take with
VIK.

Grafting involves adding electrical circuits that conform to the
surface of a 3D object. Grafting is handy for adding low-profile
electronics to existing objects. Prior work has explored techniques
such as mounting electronic modules [23], attaching flexible cir-
cuit boards [40], adding conformable copper traces [41], sewing
in conductive threads [7], and patterning with conductive inks
[18, 36, 38]. Overall, grafting approaches can afford close coupling
of the electronics with the final device form but often lack discretion
and durability. Additionally, these grafts are usually bespoke to
a specific form, and changing the reform requires producing new
grafts.

Embedding is when the electrical sensing components are inte-
grated within the volume of the objects. Researchers have explored
a variety of techniques, such as multi-material printing with con-
ductive material [16], [4], [12, 13], [19], [30]. A common trait of
embedding approaches is the co-fabrication of form in tandem with
electronics, which allows a more seamless electrical integration.
However, iteration and repair are difficult without damaging the
larger structure, and complete refabrication is usually easier. Rapid
prototyping with these approaches also requires maintained ac-
cess to digital fabrication equipment, restricting where and when
interaction can occur.

Ensemble Configuration, the third and final approach, em-
ploys electromechanical building blocks that can be (re)assembled
into various forms. Blinky Blocks [24], a foundational example of

ensemble assembly of digital materials, are cheap building blocks
that can be freely assembled into 3D structures with magnetic inter-
connects. Commercially available ensemble configuration kits exist
today, such as littleBits [6] and LEGO Mindstorm [2], but none sup-
port the facile creation of human-scale structures. Since ensemble
configuration focuses on the rapid reconfiguration of inexpensive
building blocks, these approaches prioritize inter-module connec-
tions that are fast and easy to (un)make but rarely robust. This can
still support the construction of human-scale assemblies, like those
seen in Strawctures [37], but with limited load-bearing capabili-
ties. Overcoming this limitation is a central challenge to producing
large and sturdy structures, and doing so would allow material
to be reused instead of consumed by expensive, time-intensive
fabrication processes that disincentivize iteration.

2.3 Rapid Prototyping of Large & Sturdy
Structures

While rapid prototyping at the desktop-scale is fast and cheap, as
scale increases, it becomes increasingly slow and expensive. As
the size of a prototype increases, so do the cost of materials, the
time needed to fabricate, and the need for structural integrity. As
a result, several works in HCI have proposed tools to ameliorate
the misalignment between rapid prototyping and building large
structures. ProtoPiper [3] approaches this challenge by creating
structures out of tape tubes that are lightweight, cheap to iter-
ate, and quick to form self-supporting structures. However, these
artifacts have minimal load-bearing support.

In Forte [9], the authors develop a generative design tool that
offers material-optimized designs based on the expected loads and
desired form, but iteration requires complete refabrication. Kyub
[5] employs closed-box designs to create sturdy objects. This system
allows for rapidly designing large objects with a Minecraft-inspired
“boxel” based design tool, which allows non-experts to quickly
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design sturdy laser-cut objects. However, the work does not opti-
mize the usage and reusability of the fabrication material, making
iterations expensive due to the consumption of sturdy materials.

TrussFab [27] uses plastic bottles and 3D-printed joints to create
reconfigurable load-bearing structures. The user defines a target ge-
ometry, and an accompanying design tool automatically generates
a corresponding truss structure and performs structural analysis to
ensure suitable strength for the specific application. TrussFormer
[25] adds pneumatic elements to this system for kinetic structures.
The goal of these works is to empower non-experts to design large,
structurally sound objects that can be straightforwardly assem-
bled, and using water bottles helps keep costs low. However, the
3D printed joints are bespoke, making them difficult to re-use for
different geometries, and the need for a 3D printer may be lim-
iting (getting parts printed via a service results in part costs on
the order of $10-$30 per part, which will quickly become prohibi-
tive for large structures). This work is extended to steel tubes in
[26], which, though much more structurally sound than bottles,
necessitates significant metal-work abilities to recreate. All of these
are purely mechanical systems as well— though TrussFormer uses
actuators, the design tool and system are for designing motion, not
for designing electrical routing.

As perhaps the closest related work, Foxels [31] creates smart
human-scale furniture with reconfigurable modules to introduce the
benefits of modularity and flexibility to human-scale design. Still,
the work has several areas that could be improved. The first is that
Foxels are intended entirely for furniture and prioritize aesthetics
over cost. Foxels are also not easily available as the design files
are not freely available, and replication would require non-trivial
amounts of in-house fabrication. The second is assembling Foxel
structures requires 3-6 people, which limits the ability for single
users to engage with the system. Third, and most importantly for
load-bearing structures, the modules presented are only intended
for compressive forces, limiting the achievable geometries as tensile
and bending loads are not well supported.

2.4 Overview of Related Works & VIK Guiding
Principles

With VIK, we introduce a construction system that lowers the
barrier of entry for the iterative prototyping of big & sturdy things,
both on a financial and skill level. At the same time, VIK preserves
all of the freedom and customizability that come with electrical
prototyping kits like Arduino but with the ability to be reliably
and reversibly integrated into the overall structure. Through the
related works, we find three overarching tradeoffs that VIK aims to
resolve collectively. Thus, we use these challenges to define VIK’s
guiding principles: Prototyping vs. Big and Sturdy, Availability,
and Electrical Flexibility vs. Structural Coupling.

2.4.1 Prototyping vs. Big and Sturdy. We define prototyping as
the rapid and cheap iteration of a design. Based on prior work, we
assume that an ideal prototyping system affords reconfigurability—
the ability to easily make reversible connections with components
with no special tools. We define big as human-scale, and sturdy as
having load-bearing capabilities similar to furniture, able to support
both compressive and tensile forces like those shown in Kyub [5].
Additionally, big & sturdy structures need to be safe. Thus, our
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system must provide a built-in workflow for non-experts to quickly
evaluate the stability and safety factor of a given configuration.

24.2  Availability. Availability refers to the ability to immediately
access the system with minimum labor, cost, fabrication tools, and
custom processes required. Availability also relates to the educa-
tional overhead needed to use the system. A characteristic example
of high availability is LEGO Mindstorm [2, 43], which can be read-
ily purchased, leverages common programming frameworks, and
provides extensive education support online.

For a general-purpose prototyping platform, it is important to
have both. Few will reproduce a fully remixable system that re-
quires fabricating many components and hundreds of parts, espe-
cially if the designs are not openly available. On the other hand, a
commercially available system that only supports a small number of
proprietary modules will inevitably fall short of some users’ needs.
While a modular set of discrete parts can never encompass all of the
things a user may want to create, it should do its best to encompass
all the basic needs so that customization is not essential to reach a
working prototype. For a VIK system, we prioritize two areas of
customization: form and electronics. For electronics, a variety of
I/0 devices and microcontrollers must be physically and electrically
easy to integrate into the structure and network with other devices.
For form, the building system should be able to produce a variety
of mechanical skeletons that can then be augmented with curved
and sloped profiles that can be quickly produced.

2.4.3  Electrical Flexibility vs. Structural Coupling. Electrical flex-
ibility is the ability to, at any point in the prototyping process,
support easy configuration and reconfiguration of various elec-
tronic modules, sensors, inputs, and custom PCBs. Close structural
coupling is the seamless and robust integration of electronics into
the structure that avoids single-use adhesives and long-spanning
wires that are precarious and messy. Electronics should be embed-
ded into the structure when possible instead of grafted onto the
surface to keep them secure and hidden.

The contribution of this work lies in addressing these three guid-
ing principles. Because of the difficulty in reconciling these at times
opposing priorities, most of the existing literature focuses on either
only one of the guidelines or rather makes a tradeoff between two
values (e.g. disregarding electrical flexibility in favor of clean struc-
tural coupling. In this work, we aim to synthesize the contributions
of prior work to address all three principles and increase options
for human-scale electrically integrated mechanical prototyping.

3 VIK OVERVIEW AND FABRICATION

VIK is an inexpensive and reconfigurable assembly-based build-
ing system that enables the easy construction of large and sturdy
structures with integrated electronics: adding each voxel not only
builds out the mechanical structure but simultaneously builds out
the electrical wiring harness.

The voxel design in VIK abstracts both the structural and elec-
trical engineering knowledge so that the end user can focus on
developing interactive high-performance structures without need-
ing significant expertise in either of these fields. Similarly, we
designed the electrical system— and how it interfaces with the me-
chanical system— to be straightforward and error-proof. In contrast
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Figure 3: A) Top view of a PCB voxel face. B) An assembled voxel. The voxel is a reinforced cuboctahedron unit cell made from
six aluminum PCB faces. These are made with small snap-fit features at the corners, as shown in C), to mechanically connect
faces. Faces are then soldered, as shown in D), to bridge the electrical connections.

to many other mechanical and electrical platforms, VIK minimizes
the necessary digital fabrication expertise and access. VIK primar-
ily uses cheap, recyclable components ordered from a PCB vendor.
Because VIK is mechanically and electrically reconfigurable, iterat-
ing large-scale structures does not result in wasted material. And,
even if a user does not require the electronic functionality, VIK is a
cheap and accessible tool for building lightweight, high-strength
structures.

We provide all the files necessary for replication in the Supple-
mentary Materials.

3.1 Voxel Mechanical Structure

VIK uses reinforced cuboctahedra, or cuboct, as the base unit cell,
as shown in Figure 3B. The cuboct geometry is chosen for its opti-
mal stiffness-to-weight properties [10], while the face-connected
geometry is used for easy assembly [22]. Because the cuboct lattice
only achieves its optimal mechanical properties when many unit
cells are tiled together [17], we add cross-bracing to each face to
make the resulting voxel stiffer and stronger.

A single voxel under compression supported a maximum load
of 2243.02 N, corresponding to the force exerted by 228 kg weight
at the Earth’s surface, e.g., the weight of an average upright piano,
3.5 adults, or 2000 times the voxel’s own weight. Under tension, it
supports a maximum load of 1198 N, or approximately one thousand
times its own weight. The voxel has a modulus of 22.58 MPa at
a lattice density of 30.756 kg/m"3. This is competitive with prior
research on truss-based architected materials, such as the high-
performance micro-lattices described in [39], and outperforms the
nearest mass-manufactured discrete approaches [22, 33] by an order
of magnitude. Similarly, a three-voxel beam (including clips) under
bending supports a maximum load of 1037 N. Taken together, this
means that one voxel could support a ~910-voxel long beam in any

orientation, and under compression only, could support up to 2000
voxels. Complete details of the mechanical testing setup and results
are available in the Supplementary Materials.

We assemble the voxels from 1.6 mm thick aluminum PCB faces.
The assembled voxels fill in a 150 x 150 x 150 mm bounding box—
this size is chosen as appropriate for human hands to fit into. Alu-
minum is chosen as the PCB substrate as it provides good mechani-
cal properties at a cheap cost with minimal design and fabrication
effort required from the end user.

Currently, a user could order our design directly from a board
house at a low cost (we used JLCPCB, which priced the basic frame
at approx. $0.70 per face at an order quantity of 250 PCBs), re-
quiring no fabrication equipment aside from a soldering iron. It
is worth noting that it is orders of magnitude cheaper to purchase
these faces as aluminum PCBs than as custom CNC profiles or
as outsourced 3D-printed parts. Even without the added benefit
of included PCB routing, the aluminum PCB voxels represent a
cost-effective strategy for achieving large-scale, high-performance
structures.

3.2 Basic Voxel Frames and Connector Systems

VIK uses two types of structural PCB face: a basic frame that routes
power and signal but carries no electrical components, as shown in
Figure 3A, and a microcontroller frame, which integrates a micro-
controller directly into the lattice. VIK additionally provides a small
library of traditional PCB attachment boards, which mount directly
to the basic frame (further discussed in the following section). A
snap-fit joint makes the mechanical connections between faces
within a voxel. Figure 3C shows a connected voxel. We make the
inner-voxel electrical connections by bridging exposed pads at the
corner of each voxel with solder, as shown in Figure 3D, similar to
the system used in [8] or [34]. Although soldering every corner
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Figure 4: Diagram of the PCB routing. Four signals are routed
throughout the structure: Ground, power, and two data lines.
These signals are exposed at the corners for inner-voxel con-
nections and on the beams for between-voxel connections.

in a voxel is unnecessary, it reinforces joints and provides failure-
avoidant electrical redundancy. Each voxel has twelve solderable
joints; it is only necessary to solder five to achieve full electrical
connectivity within a voxel.

In this implementation, VIK routes four signals: power, ground,
and two data lines, which we use as the data and clock lines for
I12C [42], a common and simple communications protocol for mi-
crocontrollers widely used in, e.g., SparkFun and Adafruit sensor
boards. Basic frames are designed with multiple breakout pads with
these four lines to enable easy interfacing with custom boards (such
as the microcontroller attachment boards in this project) or with
commercial sensors or development boards, which often include
I12C as an interface option. Figure 4 shows the routing of the basic
frame, showing the joining of all the connection pads within a
voxel frame. The snap-fit connectors orient the four inner-voxel
connection pads at the corners of the voxels— this means that it
is impossible to connect two voxel faces with the wrong electrical
polarity. The voxel-voxel connection pads on the inner beams of
the voxels are all oriented with the same polarity, which means we
can make voxel-to-voxel connections from any side or orientation
of the voxel face.

We make voxel-to-voxel connections using off-the-shelf connec-
tors (see Figure 5). We specifically use Qwiic connectors due to their
compatibility with many popular electronics prototyping systems
(Sparkfun, for example, carries 320 products tagged with “Qwiic”),
though any other 1 mm pitch 4-pin connector may be substituted.
The connectors have a wider range of deformation than the lattice,
so under loading, they will only fail after the voxels have already
mechanically failed. The separation of the electrical connector and
mechanical connector also enables more advanced users to route
multiple I2C networks in a single structure or to more easily adapt
the existing physical traces for their preferred network.

Voxel-to-voxel mechanical connections are made using a snap-fit
clip that latches into indexing features on the voxel faces, as shown
in Figure 6. The clips are also made from aluminum PCB via a board
house, at <$0.10 per part. We explored two clip configurations: a
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Figure 5: Installation of the Qwiic connector. 1) shows the
two voxel faces to be connected, with the connector pre-
soldered in the same position on each face (the connector we
have chosen is polarized, so the connectors must be installed
consistently for the cable to plug in). 2-3) the cable is plugged
in, and 4) the resultant connection.

Figure 6: A) Two-prong clip and three-prong clip examples.
B and C illustrate the installation process of the clips.

2-prong and a 3-prong version. We recommend users use the 3-
prong version for added stability, though we include an image of
the 2-prong version for reference as we use it throughout this paper.

3.3 Integrating Microcontrollers

A structure made using VIK will likely consist of basic frames
with microcontrollers placed into the structure as needed. We
currently implement multiple microcontroller types so that users
can choose what they are most comfortable with. The first set is
built around the ATtiny1626 microcontroller, which we chose as it
is low-cost, robust, and compatible with the Arduino programming
environment, making it easier to use. This is provided as both
a frame-integrated board and as a separate attachment PCB (see
Figure 7).

We built the second family of microcontroller boards around
ESP32 microcontrollers for added WiFi and Bluetooth capabilities
(see Figure 7). The current VIK system architecture typically uses
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ATtiny attachment

Integrated ATtiny
frame board

ESP32 attachrent

Figure 7: (Left) ATtiny microcontroller frame. The inset provides a zoomed-in view of the integrated microcontroller on the
frame. (Right) A basic frame with an ATtiny attachment PCB installed on top and an ESP32 attachment installed on the bottom.

one ESP32 microcontroller as the primary controller of the I12C
bus, with ATtiny boards as targets (though the current hardware
is compatible with some alternate networking architectures). AT-
tinys would act as interfaces to input and output devices, with
the ESP32 determining overall behavior. This architecture enables
easier re-programming, as users can change the system behavior
by modifying only the ESP32’s code instead of all of the ATtinys.
This enables easy interfacing with external applications: the ESP32
could be controlled via a smartphone over Bluetooth or accessed
via a website, given its WiFi capabilities. In the Supplementary Ma-
terials, we provide the schematic and board files for all the custom
development microcontroller boards used in VIK so that users can
easily order them from a board house and assemble the PCBs.

For users who are less comfortable with microcontrollers, we
additionally implement boards based on the Seeed Studio XIAO
development boards, which are small-form-factor and require min-
imal intervention to interface with VIK. Development boards with
built-in Qwiic connector interfaces, such as the Sparkfun Artemis
Nano, may also be directly integrated into VIK with no soldering,
which we show in Section 6.

3.4 Electronic Modules

Input and output devices are added to the VIK system to build out
electronic modules and customize the system’s operation to the end
user’s desire. We designed the microcontroller frames and the basic
frame to facilitate the inclusion of almost any input or output device
an end user may require. Sensors, actuators, or microcontroller
development boards with I2C interfaces directly integrate into the
basic frame of VIK. For devices or systems without these interfaces,
we have developed microcontroller board designs to operate de
facto as an I2C device in the lattice.

We have explored a set of both self-configured and commercially
available I/O devices. Primarily, we have focused on implementing
our own version of capacitive force, touch, and proximity sensing as
inputs to our system and used LEDs, speakers, and vibration motors
as outputs, while additionally demonstrating a selection of Sparkfun
and Adafruit Qwiic modules on VIK For capacitive sensing, we use
either a two-plate system for force sensing or a single-electrode
version of a proximity and touch system, as in [44]. We make the
electrodes out of copper tape and focus on this one input style as it is
simple and cheap to implement yet enables a wide range of tactile
and non-contact interactions. For our outputs, we tested LEDs,
NeoPixel LEDs, speakers, and vibration motors, though we can also
trivially drive other similar systems (e.g., DC motors, buzzers, hobby
servos). The Applications section implements several examples of
these systems.

4 DESIGN TOOL OVERVIEW
4.1 Design and Assembly

We developed a physical computing design tool: an online inte-
grated tool where the users design a structure and simulate the
loads/deflection of the structure simultaneously, based on the tool
introduced in [15]. The goal of this is to enable users without en-
gineering backgrounds to rapidly validate the structural stability
of their designs, as well as to provide a fast way to design in a
novice-friendly Minecraft-like environment. The tool has two main
windows (see Figure 8). In the first “Assembly” window, the user
places the voxels on a predefined grid the same size as the voxel.
The cursor automatically snaps so voxels can only be placed on
the base grid or attached to previously placed voxels. In the back-
ground, the assembly sequence is saved, and one can later replay
this assembly sequence to help inform the assembly process.
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Figure 8: Design tool overview. The design tool has two windows: Assembly and Simulation. Voxels can be assembled in
the Assembly window, and mechanical response to applied loads can be simulated in the Simulation window along with the

summarized results, including safety factor.

>

When the user right-clicks on any of the voxels in the “Assembly’
window, a radial menu appears, and one can select, delete, or change
the type of the voxel placed. There are five types: rigid/base voxels,
microcontroller voxels, sensing voxels, display voxels, and load
voxels (where loads/forces are applied). When right-clicking on
the background of the “Assembly” window, three buttons appear:
one can either save, upload the design, or start a static simulation
to calculate the deflection of the structure. To save and upload the
design, we use a .json file format to capture all the voxels added in
the design session, including their properties and placement order.
We additionally export a suggested BOM, in terms of PCB face
count and type to facilitate easy part ordering.

4.2 Structural Mechanics Simulation

Our goal for the structural mechanic simulation is to provide fast
and reliable feedback to the designer— unlike fully meshed solid
FEA models, which require expertise to set up and frequently fail
for complex structures like voxels, our system returns results in
seconds. We developed a static linear finite element analysis (FEA)
implementation to perform reduced-order beam model simulation
using Bernoulli-Euler beam elements for the simulation engine used
to model the deflection of the structure under self-load and applied
external load. The simulation discretizes the voxel structure into
node and beam elements. Note that the clips between voxels are
modeled as beams, with their constitutive properties set based on
measured data (see the Supplementary Materials for more details),
but because of their short length, they are not easily visible. Each
node has 6 degrees of freedom: three rotational degrees of freedom
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Figure 9: Measured vs. simulated results for force-
displacement in the elastic range, showing good agreement
with the toe region removed.

and three traditional translational degrees. We use the Bernoulli-
Euler beam theory to prescribe the biaxial bending, transverse shear,
and axial stretching that each beam experiences.

In [22], a study compares the results of reduced-order beam
FEA simulations in comparison to fully detailed meshed voxels
simulated using solid FEA models, showing that the simulation
results are in good agreement with each other and the experimental
data. However, the fully meshed FEA model required approximately
three orders of magnitude more elements than the corresponding
beam model. Since the purpose of the design tool is to give fast
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and instant feedback on design decisions, we chose to use the beam
model as it achieves the best balance between simulation speed and
accuracy. We also compare our simulated elastic response against
the measured response for a few voxel geometries, showing good
agreement for both single voxel compression and 5-voxel 3-point
bridge bending (see Figure 9 and the Supplementary Materials for
mechanical testing details).

After the user runs the simulation, an animation of the structure’s
deflection (exaggerated 10x) appears, and the beams are colored
based on their stress value to identify potential points of failure.
Finally, a summary of the results (minimum and maximum displace-
ment, minimum and maximum stress values, and safety factor) is
calculated and displayed at the bottom footer.

The user can make informed design decisions by having instant
feedback and visualization of the structural assembly and simula-
tion in a simple integrated design tool without going back and forth
between different interfaces. Importantly, the user does not need to
understand any of what this section just described. Users assemble
voxels together like in Minecraft, and the simulation window helps
users understand the flow of mechanical forces in their system
without experience in this area.

5 SLOPES AND CURVES

Many of the human-scale structures we interact with include curved
forms and soft padding that clad an object’s ‘mechanical skeleton’.
Since the forms made from the voxels on their own are rigid and
cubic, we designed a fast, inexpensive, and machine free way to
make curved profile modules of varying stiffness using PCBs to
make molds for expanding foams. The goal of this is to provide
users without access to digital fabrication equipment or CAD back-
ground a fast, easy, and cheap way of producing a small library of
curved/interpolating shapes to augment VIK with.

The exterior of the mold is made from slot-fit rigid PCBs with a
templated flex-PCB, which can be cut and folded into preset shapes.
The total cost of the PCB/flex-mold is ~$14 and can be ordered
along with the VIK faces (see Figure 10). This approach may seem
circuitous, but importantly, it does not require digital fabrication
equipment, is still cheaper than ordering custom 3DP or laser cut
parts, and is relatively fast: the two foams we used, Smooth-on
FlexFoam for soft parts and Foamlt for rigid parts, solidify and can
be handled after 30 minutes and fully cure in 2 hours. This means
with ten molds, we could produce 20 shapes in one hour and would
be fully deployable in 2.5 hours. The system is also reconfigurable,
much like the voxels (see Section 6.4 for reference). We provide
a detailed instruction walkthrough for this in the Supplementary
Materials. For more advanced users, we additionally provide the
base 3D models in the Supplementary Materials, which may be
augmented to provide more customized molding surfaces.

Though there are limitations to this approach, it is still a fast
and easy way to generate more accurate looks-like and feels-like
prototypes with VIK, which is our priority. We additionally provide
the designs for the other surfaces we used, so users with fabrication
equipment access or CAD experience can build off these methods
as well.
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C

Figure 10: A) A curved-crease folded flex PCB molding insert.
B) One side of the rigid PCB molding base. C) A resultant
soft-foam curved block.

6 APPLICATIONS

In this section, we demonstrate how VIK enables the reconfigura-
tion of a standard set of voxels to create various interactive devices.
Here, we revisit our hypothetical designer, Victor, who has a library
of VIK parts and wants to build some interactive structures. Each
demo object is a large, electronically integrated system that would
be difficult to produce via standard digital fabrication tools. VIK
enables Victor to (almost) trivially assemble these human-scale,
load-bearing applications and place electronics into the structure
without needing to think about wiring harnesses, cable manage-
ment, or structural validation, as VIK handles all of this.

Further, VIK enables the complete re-use of the voxels. Starting
from a dance floor gamepad, each demo is assembled (and disas-
sembled) from the same set of voxels. This is illustrated in Figure
11, where the dance floor becomes a chair and mobile robot, which
then combine, are disassembled, and added into a bridge, which is
then transformed into a lounge chair.

6.1 Party Dance Floor

In the first example, Victor is hosting a party and wants a fun
activity for the guests— a Dance Dance Revolution-style game. But,
they’re daunted by the task of ensuring that what they build is
safe— a 70 kg person jumping on the structure repeatedly exerts
forces in the range of 1700 N— and that the electronics system can
survive these loads, and that their friend who’s really into Dance
Dance approves of the physical feel of the dance floor. Additionally,
they don’t have access to any shop tools, let alone digital fabrication
machines, which puts most existing solutions such as [20, 21] out of
reach. With VIK, they can quickly implement a capacitive sensor-
based dance pad using a 6x6 bed of voxels, using only a soldering
iron, scissors, and pliers (see Figure 12).

Victor first assembles the 6x6 voxel grid with a few friends before
outfitting it with electronics. After doing a little research online,
Victor determines the easiest solution will be capacitive sensing
arrows and USB emulation so that they can play the game with
an existing online dance floor game— this is all functionality VIK
supports. Four active dance direction sensors using capacitive
sensing are implemented by plugging in VIK attachment ATtiny
boards to the voxel grid. The top sensor surface is formed from
acrylic panels that sandwich copper tape to create durable pressure
sensors. The sensing boards, which additionally control NeoPixel
LEDs, are networked with a VIK ESP32 board, which emulates a
USB keyboard for compatibility with popular open-source dance
games (in our case, we adapted a JavaScript web app from [11]).
The dance floor logs approximately two person-hours of total use
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Figure 12: Dance floor with subcomponents labeled.

and shows no signs of mechanical or electrical damage, indicating
good fatigue performance. If we assume a person dances at 1 Hz
and exerts 1.5kN with each move, evenly distributed over one of the
plates, then each of the loaded voxels goes through ~480 load cycles
of 375 N. As this is only ~17% of a voxel’s total loading capacity, it
follows that we would not expect fatigue failure.

6.2 Interactive Chair Version 1

Once the party is over, the dance floor is no longer needed. Instead
of having to forever store an awkwardly large piece of equipment
(or throw it out, wasting the materials, cost, and effort), Victor
disassembles the dance floor without compromising mechanical
stability or electrical functionality.

Victor then gets a new hobby: experimental music instruments,
and so reconfigures the voxels into a chair that is also a theremin:
a Chairemin. Wanting to reuse as many components from the
dance floor as possible, Victor first runs through a few designs
of the chair in the design tool to help visualize potential sensor
locations, as well as to validate the structural performance (see
Figure 8). Victor finds that for their weight, approximately 80 kg,
the chair has a safety factor of 7.8, which is plenty, and sets off to
build it. The Chairemin uses two capacitive proximity sensors to

Z1\)— 5V Battery
1y Primary controller

Speaker breakout
Volume control
(capacitive sensor)
Frequency control
I : (capacitive sensor)
i\ / y Acrylic seating pad
N/ » 4 (optional, re-used
q ( from dance floor)

A n

Figure 13: Chairemin with labeled components. The primary
controller, speaker, and rechargeable battery are all placed
within the same voxel in the upper corner of the chair. The
capacitive sensing modules are placed one and two voxels
away, with the sensing pads placed on the exterior frame of
the chair.

detect the user’s body while sitting on the chair (see Figure 13 for
labelled components of the Chairemin). The sensor on the back of
the chair controls the volume of a tone sent to a speaker module,
and the sensor on the side of the chair controls the frequency. The
Chairemin is played by using their hand to control the frequency,
which offers finer-grained control, while the volume is controlled
by how far back they lean into the back of the chair.

The Chairemin reuses two clear panels from the dance floor to
form the seat and reuses two capacitive touch microcontrollers for
the audio controls. Note that the Chairemin does not require the
acrylic panels to support loads, as shown in Figure 14, and is there
for comfort.
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Figure 14: A) A person fully supported by the Chairemin. B) Close-up view of the primary module, containing the ESP32
controller, Adafruit speaker board, and 5V battery. C) View of the frequency control capacitive sensor electrode. D) The

Chairemin is lightweight.

The combined electrical and mechanical system means that it is
trivial to try different configurations for sensor and audio placement
so the experience can be tailored for a specific user. To try new
sensor locations, we can simply plug the capacitive sensors into any
of the voxels in the structure (without needing to cut new wires, de-
solder, re-solder, etc., as would be necessary with a standard setup).
This makes it easy to adapt the Chairemin for use by people with
different body types and easy to quickly iterate different interaction
modes.

6.3 Mobile Robot to Massage Chair

After transforming the dance floor into the Chairemin, Victor uses
the remaining four voxels to create the Slowbot, a vibrating robot
for passively sweeping floors at speeds of up to 3 cm/s. Victor
already has the electronics for the system made and is just looking
for a convenient and lightweight mechanical harness, and so uses
the leftover voxels.

The slow bot is assembled using a 3D-printed directional fur
(PolyBrush, OPT Industries). The directional fur means that the
slow-bot’s ground-facing surface has lower friction in the direction
of the fur and higher friction opposite to it. This anisotropy biases
the movement caused by the vibrating motors to move the robot in
one direction.

Ultimately, Victor decides that the Slowbot is indeed too slow
and an uncompelling use of their voxel kit. So, they pop the seat
of the Chairemin out and replace it with the Slowbot (see Figure
15). A quick code change switches the capacitive touch sensors to
trigger the vibrational motors instead of the speaker output, taking
about 10 minutes total to reconfigure and reprogram the chair.

6.4 Bridging Play Structure

Victor then wants to build a play structure for their child and de-
cides to assemble a miniature bridge (termed “abridged bridge”)
with embedded load sensing, which will allow them to track and test

3 A
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Figure 15: Overview of the Slowbot. A) Bottom view of the
Slowbot, showing the directional fur modules. B) Close-up
view of directional fur, with an arrow indicating its orienta-
tion. C) Installing the slowbot into the Chairemin.

what structure configurations result in the most interactions. Load
sensing is implemented via two-plate capacitive distance measure-
ment using microcontroller frames, as shown in Figure 16. Voxels
are additionally embedded with NeoPixels, and all systems are co-
ordinated via a WiFi-enabled microcontroller and powered via USB
5V battery packs.
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Figure 16: A) The assembled bridge with components labeled. B) A close-up view of one of the embedded microcontroller
frames. C) The microcontroller frame with a capacitive force sensor and NeoPixels.

¥ Height ~ 0.35m
Mass ~ 65 kg T

Figure 17: The stair lights’ step-response behavior and the approximate jump impact force calculation.

The bridge is initially assembled with a 3-voxel length span, as
shown in Figure 11. In this configuration, Victor tests out different
materials for the stepping surfaces and finds, based on the steps
logged, that wood panels result in the highest usage. The user
also tests the addition of speakers and proximity sensors (as in
the Chairemin) to the bridge and finds that this further increases
engagement. The user then additionally notes that if the bridge
length is increased by one voxel length, as shown in Figure 16, then
the children can more easily crawl underneath it as well.

VIK enables these systems to be almost trivially tested and added.
The reconfiguration of the bridge to span a 3-voxel gap to a 4-voxel
gap is a process that only requires pliers and no additional new
electrical work. In contrast, via standard fabrication and digital
fabrication processes, the increase in bridge size would have neces-
sitated a likely re-design of the system, re-fabrication of the parts,
and rewiring of the structure, all of which is a time-consuming and
likely wasteful process based on the scale of the structure— with
VIK, the process took thirty minutes.

Even though the bridge is made from previously used voxels
(from the dance floor and chair), VIK is sturdy enough— mechani-
cally and electrically— to be used in high-load applications, taken
apart, and reused for new structures. To demonstrate the load-
bearing ability of the bridge, we had a person jump up and down
on the top surface four times, and we had previously had a person
jump on the 3-voxel gap version of the bridge three times. For
one of the jumps, we then calculated the average impact force to
be 5800 N based on the jump duration, landing duration, and the

person’s mass, as shown in Figure 17. Mechanically and electrically,
the bridge withstood multiple jumps, indicating that its ultimate
load-bearing capacity is much higher, which aligns with our ex-
pectations. We then removed three voxels from the middle of the
structure and tested them under compression (see the Supplemen-
tary Materials for reference), recording a maximum average load of
2216 + 29 N and modulus 24.2 + 0.7 MPa, showing no significant
difference in strength or stiffness for voxels which at this point
had been used in the dance floor, chair, and bridge (details of the
mechanical testing are available in the Supplementary Materials).

6.5 Interactive Chair Version 2

As time goes on, Victor finds themself reflecting on the Chairemin
and wishing they could push the concept of an interactive chair
further. The simple design of the Chairemin is overly demure
compared to the silliness of the chair’s function, inconsistent with
the other furniture around, and not soft to sit on. In the second
version, Victor sets out to correct this.

Victor first spends twenty minutes iterating chair designs in the
design tool so that they can quickly explore a few very different
chair concepts and then verify that their preferred cantilevered
shape is also sufficiently strong to support their weight. After this,
Victor prototypes the chair in situ so they can evaluate how the
chair looks and functions where they intend to install it. Victor
begins by building out the base and legs and then builds out the
backrest and leg rest as separate modules so that they can physically
evaluate what looks best and works best. Once they’re satisfied
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Figure 18: A) Assembling the basic frame of the lounge chair.
B) Testing chair height and comfort in situ against other
furniture. C) Iterating based on that to add a table for a
computer and armrest before outfitting the structure with
soft foam for comfort.

with its shape, they outfit it with the modular soft foam shapes
(see Section 5 for reference) so that the lounge chair is comfortable
for lounging. Because these shapes are also modular, Victor can
quickly try a variety of arrangements of curves, slopes, and blocks
until they find a configuration they find comfortable (see Figure
18).

After this, they outfit the lounge chair entirely with commer-
cially available development boards and modules. Because they
are unsure what functionality they ultimately want with the chair,
they iterate through different IO modules and physical voxel place-
ments: initially, they install a Sparkfun Qwiic joystick module into
alow armrest, which they then later switch out for a Grove Gesture
sensor. After using the sensor, they then rebuild the armrest to be
more comfortable based on their actual physically tested experi-
ence, all of which takes about 10 minutes. Ultimately, they install a
Grove Gesture sensor, Sparkfun PC fan controller, Qwiic speakers,
and Qwiic LED strips, which are then controlled via a Sparkfun
Artemis Nano, which has a Qwiic connector as well, and so can be
plugged into the structure (See Figure 19). Power is supplied by a
variable-voltage USB battery pack.

The lounge chair operates by inputting different gestures over
the armrest, which toggle the lights in different settings, as well
as control audio over a Bluetooth connection. This is designed so
that one can lounge in the chair and place their laptop or phone
on the stand opposite them and control it without needing to lean
forward for peak comfort (see Figure 20).

In these demonstrations, hypothetical Victor can build and re-
build a series of load-bearing human-scale interactive devices using
very simple tools, with confidence that the building system han-
dles all of the tricky details that usually come with building big
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Figure 19: A) Installing a Grove Gesture sensor via the Qwiic
connectors. B) A Qwiic-controlled PC fan for ventilation,
with its own dedicated battery. C) Networked LED strips
for a controllable reading light. D) A Qwiic and Bluetooth-
enabled speaker module for hands-free audio control.

Figure 20: Inputting gestures to change light and audio set-
tings.

things. The goal of VIK isn’t to be the end-all-be-all of building
human/furniture-scale objects— instead, it’s to enable the rapid
prototyping and iteration of these structures. Currently, prototyp-
ing at this scale is much more limited than at the desktop scale,
and VIK (hopefully) represents a step toward broadening access to
human-scale electronics-integrated prototyping.

7 DISCUSSION, LIMITATIONS, AND FUTURE
WORK

7.1 Sensing and Actuating on the Lattice

The lattice structure offers potential opportunities for direct sensing
integration, such as adding strain gauges or capacitive sensing
into either the voxel frame of the clip system, especially with the
exploration of other voxel geometries, as in [22]. Future work can
open new dynamic interactive modes by adding actuators such
as servos or liquid crystal elastomers [14]. Integration of such
actuators would also extend the system’s usability for modular
robotics systems, similar to [1], or toward self-assembly systems as
in [33]. Actuation that takes advantage of the lattice system could
also be explored, such as in [29].
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7.2 Optimizing Mechanical Performance and
Scalability

The current mechanical performance of VIK is sufficient for it to
be of interest for larger-scale applications beyond what we explore
in this work. For example, given the durability of aluminum as a
building material, VIK could provide an interesting basis for out-
door electronics prototyping, integrating solar panels for power. In
the future, we will work on improving aspects of the system so that
it is usable for commercial or industrial applications beyond a pro-
totyping tool. Specifically, we can expand the types of networking
supported by VIK beyond an I2C bus, which, while convenient for
prototyping, has limited functionality at larger scales. In practice,
we find that a single I2C bus on VIK supports total distances of
approximately 1 m before path resistance and capacitance become
limiting, which could be addressed by switching to a different net-
work, such as CAN bus. For structures with hundreds or more
devices on them, it may be beneficial to switch to a communica-
tions strategy that doesn’t require addresses, such as hop-count,
similar to what NeoPixels implement, or a self-discoverable net-
work such as in [32]. Additionally, the joints and faces may be
further optimized via both topology optimization approaches and
user-study-informed approaches to push the performance of the
system even further.

7.3 Increasing Accessibility

One of the goals of this work is to open the use of high-performance
mechanical systems to people without engineering backgrounds
or access to engineering tools. By designing the system to use
aluminum PCBs, users can access VIK cheaply and quickly via
commoditized PCB manufacturing processes. For this work, we
produced approximately ~250 voxels, which is already a high unit
count, enabled by the ease of this manufacturing approach.

Our current approach still requires users to be comfortable
with Arduino-level microcontroller programming, which leaves
out many people. Future work will address improving the usability
of this system for electronics novices, such as by leveraging [32],
a hardware virtualization system to enable easy microcontroller
networking for machines.

8 CONCLUSION

We introduced VIK, a kit for creating large-scale, structural, re-
configurable 3D electronics. Our system uses aluminum PCBs,
produced by an accessible commercial process, that assemble into
lightweight, high-stiffness voxels to create a myriad of interac-
tive devices. Because of these features, VIK has the potential to
eventually scale to much larger systems than what we have so far
demonstrated. We developed a design tool to help users create
and simulate VIK structures, reducing the engineering expertise a
user needs to deploy a high-performance mechanical system with
integrated electronics quickly. The reconfigurability of the system
enables users to take apart a structure and reuse the constituent
parts if they no longer need the original structure without sac-
rificing mechanical performance. Combining the electrical and
mechanical elements minimizes the amount of material that goes

Miana Smith et al.

into VIK constructions. Though even without electronic function-
ality, VIK still stands as a robust and lightweight building block in
its own right as a fully reusable/reconfigurable building system.
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