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Abstract

This thesis advances distributed robotic assembly of structural digital materials as a route
to automated, in-situ building construction with lowered embodied carbon, cost, and build
times. Automated fabrication could substantially improve the sustainability and efficiency
of construction, but current methods fall short at the building scale. Continuous processes,
such as large-scale 3-D printing, are limited by accessible build volume, a narrow set of
printable materials, and an inability to correct errors, which can accumulate into irrepara-
ble failures. The resulting structures then offer little or no option for modification, repair,
or end-of-life reuse. Assembly-based processes instead demand high absolute mechanical
precision, pushing the work toward large, complex, and expensive machines, or toward
off-site prefabrication and transport. In both cases, cost, speed, structural performance,
design freedom, and material sustainability are traded off against one another. Distributed
robotic systems for digital material systems offer an alternative approach, where multiple
small robots cooperatively construct large structures by traversing and building directly
on the workpiece using an error-correcting material system. However, prior systems have
struggled to achieve sufficient load-bearing capacity, assembly throughput, and geometric
flexibility to scale to real-world building scenarios.

This work develops new structural discrete lattices where the full logic of construction,
spanning material manufacturing, assembly, structural performance, and other functional
requirements, is embedded directly into the material system itself such that it facilitates the
cost-effective assembly of sustainable and load-bearing structures using simple robots. First,
I introduce electronics-integrated voxels that carry power, signal, and compute, serving as
the basis for direct-write electromechanical structures and for modular robots that assem-
ble further robots, towards recursive, self-scaling swarms. Next, I introduce hierarchical
interlocking voxel architectures and a new modular assembler that together improve assem-
bly throughput, mechanical performance, and material efficiency while remaining material-
agnostic and mass-manufacturable from flat feedstock, including from renewable materials.
Finally, I evaluate the system at the architectural scale through a comparative study against
existing construction methods, including framing and concrete-based approaches, showing a
76-82% reduction in embodied carbon relative to 3-D printed concrete, and through the con-
struction of load-bearing structures all built from reusable parts and renewable materials,
including a 2 m x 2 m x 2 m prototype house. Together, these results demonstrate a path
toward sustainable and functional architectural scale buildings assembled by self-scaling,
distributed robotic systems.
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Chapter 1

Introduction

Modern computing (and all that this has enabled) is predicated on the concept of encoding
analog signals with digital representations. In “Communication in the Presence of Noise”
(1949), Claude Shannon showed how the conversion of an analog system into a digital one
enables communication systems to overcome the limitations of noise [158]. While an analog
signal would be directly corrupted by noise distortions, converting it to a digital signal
enables reliable communication through inherent error correction. So long as the noise
in a given channel stays below a certain threshold, the original message can be perfectly
reconstructed. This shift from analog to digital enabled reliable, accurate, and scalable
communications in spite of unreliable and imperfect hardware.

As computing systems matured, they eventually converged with the evolution of machine
automation for physical manufacturing processes. The numerical-control (NC) machines
developed in the mid 1900s, and the computer numerical-control (CNC) machines that
followed, used digital instructions to guide the precise manipulation of material into accu-
rate and repeatable geometries. Current day digital fabrication systems largely follow this
same paradigm, in which designs are encoded as digital information and executed using
computer-controlled machines to shape a fundamentally analog material through additive
or subtractive processes.

Unlike traditional fabrication processes, digital fabrication is typically better able to de-
couple design complexity from production cost. This can enable the production of more
optimal, custom, or otherwise high-performance geometries. This is becoming increasingly
common for parts on the order of 10s of centimeters in scale: additive metal printing in
combination with 5-axis machining, for example, offers an efficient route toward complex,
high-performance parts currently used for aerospace applications [99]. Similarly, stere-
olithography printing is widespread in the dental industry, where the ability to produce
highly detailed and bespoke models offers a significant advancement over traditional work-
flows [25]. This ability to produce complex parts with minimal tooling set up additionally
enables faster design iteration, which can lead to better performance.
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Although many digital fabrication systems are already quite mature and prolific at the
desktop scale or below, we see much less application at physically large scales. This largely
stems from the fundamental challenge of manipulating analog materials accurately at large
scales, while maintaining practical speed, cost, and geometric adaptability. So, while digital
fabrication has been presented as a potential route towards increased efficiency, innovation,
and productivity in many areas [99], its ability to achieve this has been quite limited for
large scale systems.

This ability to produce more complex geometries is significant toward improving how we
build big things, especially in construction. The construction industry drives 38% of global
greenhouse gas emissions in energy [22] and construction demand is projected to continue
increasing [54]. By enabling more material-efficient designs with more diverse materials,
digital fabrication could enable more sustainable building practices [66]. For example, the
largest global use of steel is in construction, and a plurality of that use goes toward rein-
forcement structures for concrete (rebar). However, most rebar structures use substantially
more material than necessary to accommodate manual building practices, leading to more
unified bar sizes and square grids, as opposed to more structurally optimal configurations
[3]. If design complexity were decoupled from cost and time, as it would be in a theo-
retical digital fabrication system, it would likely enable more material efficient solutions,
leading to both sustainability and cost improvements. Automated on-demand construction
of more custom geometries would also improve the overall efficiency of construction, which
is currently low, and has remained relatively stagnant as compared to other industries [175]
[66].

However, current methods for digital fabrication at the meter-scale and beyond fall short
at realizing this vision of adaptable, on-demand, and sustainable building. The competing
demands of precision, speed, and structural performance tend to result in large, expen-
sive, and often under-performing machine systems. Small errors can accumulate over large
distances to become very large errors and in continuous deposition processes, such as 3D
concrete printing, this can result in irreparable failure [41]. Assembly based approaches, in
contrast, such as timber assembly in [172] or [135], can be repaired, though in the absence of
an error-correcting material system, can require even more precise (and expensive) robotic
systems for assembly.

Purpose-built robot-material systems offer an alternate approach that can sidestep many
of the challenges that industrial machines and robotics face when adapted for large scale
fabrication systems. Because building material and robot are designed specifically to work
with each other, the requirements on the actuation, sensing, and computation systems of
the robotics are substantially lowered [93]. This lowered complexity (which in many ways
is coupled with lowered cost) opens parallelization as a route toward scaling [17]. This can
enable a set of relatively simple robots to build structures much bigger than themselves, at
rates competitive with static machine systems [164].

This is enabled by the use of digital material systems (whether or not all of these works would
classify their material systems this way). The shift to digital logic enabled the creation of
much more complex computational systems because it introduced a fundamental building
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Figure 1-1: Examples of large-scale continuous digital fabrication systems. 1) The COBOD
BOD2 concrete printer has been used to produce the walls of actual houses; however, their
standard practice is to use the printed elements as a stay-in-place formwork that traditional
concrete is cast into[34] Image from [49] 2) The WASP big Delta printer, which explores mud
printing as a more sustainable alternative to concrete printing. Image from [12] 3) IAAC
concrete printed pedestrian bridge. This bridge was pre-printed in sections and delivered
as a large module to the site, which is then tensioned together. Image from [84]. 4) Welded
steel pedestrian bridge by MX3D, printed off-site and delivered as a final component. The
difficulties of the manufacturing process resulted in substantial material overuse. Image
from [10]
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Figure 1-2: Examples of large scale assembly based systems. 1) SAM bricklayer, which
partially automated red clay brick placement. Image from [11]. 2) The HadrianX brick-
layer, which places mortar-less CMUs from a telescoping multi-DoF arm. Image from [13].
3) Collaborative wood panel installation by multiple industrial arms from [154] 4) Elytra
filament pavilion, featuring wound fibers by an industrial arm [146]. 5) Collaborative con-
struction of metal structures from [136] 6) Gantry-based assembly of wood truss elements
from [26]

block which could reject external noise. Similarly, a digital material system is able to reject
noise (an imprecise assembler) and prevent error accumulation, enabling the assembly of
larger and more complex structures [89]. This inherent error correction in the material
system has been achieved in a myriad of ways ranging from passive mechanical features [163]
to electronic actuation [106]. Figure 1-3 plots selected distributed robotic assembly systems
from the literature along an axis indicating degree of robot-material integration and along
an axis indicating material complexity. In general, error correction features will introduce
some amount of additional complexity into the material system. This tradeoff of complexity
between the material system and the robots often constrains the ability of these systems to
build either large [78], load-bearing [142], or geometrically complex [121] structures, which
have so far limited the deployment of these kinds of material-robot systems to practical
real-world applications. This is because the overall manufacturing of the system becomes
prohibitively complex to enable assemblies at the meter scale and above, with practical load
bearing capacity and sufficient design freedom.

Prior large scale fabrication systems ranging from static gantry systems as in Figure 1-1,
to assembly approaches that re-purpose industrial robotics as in Figure 1-2, to distributed
robots that build much bigger structures than themselves such as those in Figure 1-3 all
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Figure 1-3: Considering the level of material-robot integration as well as material com-
plexity for an example set of distributed robotic assembly systems. While higher degrees
of material-robot integration often enable simpler robotic systems, these often push com-
plexity onto the material system instead, making it harder to scale to higher unit counts,
and therefore larger structures. Images from: 1) carbon fiber truss assembling microrobots
[78]. 2) SOLL-E voxel assembler from [71]. 3) TERMES magnetic block stacking whegged
robots from [142]. 4) Rotational clamp-based wood beam assembler that use the building
material as part of the robotic kinematic chain, from [112]. 5) Foam brick stacking collective
quadcopter assembly from [28]. 6) A brick based vault building robotic system from [121].
7) An reconfiguring truss-based assembler robot from [131]. 8) Full-sized concrete brick
stacking by a UAV from [69]. 9) Load-bearing filament winding by collaborative quadrotor
drones from [125].

contend with a set of often competing design parameters, which can give rise to set of
guiding design principles. Each of these tensions is resolved by shifting functionality off
the robot and onto the material system, such that it can embody the needed structural,
performance, or assembly degrees of freedom:

e Machine size vs. build volume: Unlike most existing approaches, our goal is to
de-couple machine or robot size from the overall build volume of the system. In this
way, our system can be more broadly applicable to a wider array of applications and
environments.

¢ Robotic complexity vs. reliability: Often, the reliability of a robotic assembly
system is coupled to its complexity, making it costly and potentially infeasible to
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parallelize or otherwise scale it to more practical applications. So, we aim to create a
simple, low-cost robot.

e Material complexity vs. mechanical performance: In existing distributed
robotic assembly approaches, systems with the greatest load-bearing capacity typ-
ically rely on highly complex material systems. This limits the overall system perfor-
mance, so our goal is to lower the material complexity without sacrificing mechanical
performance.

e Material efficiency, mass production, and sustainability: While these goals
are not necessarily in tension with each other, as the prior ones often are, they also
are not quite well-coupled with each other. Guaranteeing material efficient designs
often makes mass-production difficult, and while material-efficiency can result in sus-
tainability benefits, this is also highly contingent on the production method, especially
for complex geometries.

To address these challenges, this thesis explores digital fabrication, as in: fabrication that
utilizes digital material systems, as a strategy for addressing these scaling challenges. Much
like the shift from analog to digital computation was enabled by inherent error-correction
mechanisms that manage unreliability of physical systems, this work considers the mechan-
ical counterparts of such error-correcting systems for fabrication. Discretizing a structure
into inherently error-correcting elements can create fabrication processes that are more ro-
bust to noise and uncertainty during assembly. However, this considers only the assembly
logic of the structural element. In practice, each element in a structure embodies and per-
forms multiple functions. Beyond embodying the assembly logic, it is also necessary to
consider the element’s structural logic, how it is manufactured, and any other functional or
design requirements. By creating digital elements that embody each of these functionali-
ties, we can realize systems that are possibly fundamentally more suited to reliable, scalable,
large-format digital fabrication.

The central argument of this thesis is that the logic of construction should be embedded in
the building block itself, rather than in the machine that places it. That is, how a structure
performs, how it is made, and how it is assembled, can be encoded into simple blocks to
realize scaleable robotic assembly systems for large scale structure. This work advances
large-scale digital fabrication by developing scalable distributed robotic assembly systems
based on discrete lattice building elements, or voxels, with integrated structural, electronic,
and/or robotic functionality. Through new electronics-integrated hardware, hierarchical in-
terlocking architectures, and demonstrations of robotic self-assembly and adaptable robot
geometries, this work demonstrates how digital material systems can potentially better ad-
dress the precision, scalability, and reliability limits of analog large-scale fabrication. The
material-robot system is then extended to architectural-scale evaluations to help validate it
as a practical and sustainable path toward distributed robotic construction.

The specific contributions and their appearance in the thesis are as follows. Each of these
explores a different design degree of freedom integrated into the material system.
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Scalable voxel-based robotic material systems: Development of modular, lattice-
based building blocks that integrate structural, electrical, and/or robotic functionality.
(Throughout)

Electronics-integrated voxel hardware: New hardware enabling direct-write elec-
tromechanical fabrication and supporting modular robotic assembly. (Chapters 2 and
3)

Robotic self-assembly demonstrations: Demonstrations of robotic assembly of
other robot geometries, toward self-scaling or adaptive distributed robotic assembly
systems. (Chapter 3)

Hierarchical voxel architectures: Introduction of voxel designs that increase as-
sembly speed, reduce cost, and improve scalability for large structures through hierar-
chical grouping and interlocking of lattice elements, while achieving efficient material
usage and maintaining compatibility with a range of manufacturing options and ma-
terials. (Chapters 4, 5, and 6 )

Assembler Robots: Reliable, low-cost relative robots for voxel assembly with order-
of-magnitude increase in volumetric assembly rate compared to the prior art. (Chap-
ters 4 and 6)

Architectural-scale evaluation: A comparative study against existing automated
and manual construction methods, and demonstration of the autonomous construction
of architecture-scale load-bearing structures. (Chapters 5 and 6)

Overall contribution: A route toward distributed, error-correcting, self-scaling
robotic construction systems capable of fabricating large, functional, load-bearing
structures with reduced material use and minimal fixed infrastructure via voxel sys-
tems that embed their own structural, manufacturing, and assembly logic in their
design.
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Chapter 2

Functional Voxels for Prototyping
Electronic Structures

The work and text in this chapter appear in part in the publication ”Voxel Invention Kit:
Reconfigurable Building Blocks for Prototyping Interactive Electronic Structures” which was
written with my co-first author Jack Forman, as well as Amira Abdel-Rahman, and Sophia
Wang. This was published in CHI Conference on Human Factors in Computing Systems
(CHI ’25).

2.1 Abstract

Prototyping large, electronically integrated structures is challenging and often results in
unwieldy wiring, weak mechanical properties, 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 electronics. 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.

2.2 Introduction

Functional interactive devices can be difficult to prototype, especially at sizes larger than
the desktop scale. To help illustrate the friction in current standard digital fabrication
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Figure 2-1: 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.

workflows, we consider a hypothetical scenario: Victor is a designer who wants to proto-
type 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 common struggles we have observed students encounter while trying to deploy func-
tional objects. Victor begins by using CAD to design the mechanical elements of the chair,
intending to eventually 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 3" 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 prototyp-
ing system would afford cheap, quick iterations with simple tools, robust mechanical and
electrical properties, and various I/O capabilities. However, the development of such a sys-
tem 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 grafting 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, [185] uses curved breadboards for more ac-
curate looks-like prototyping of electronic devices, [171] uses commercial metal 3D printing
services to create functional components with embedded sensing elements, and [98] creates a
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workflow for conforming circuits to curved surfaces. And, while prior works have developed
tools for large-scale mechanical prototyping systems, such as large-scale dynamic construc-
tions in [104], or a handheld extruder for 3D-printing prototype furniture-scale objects [21],
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 2-1
for an overview). The system's basic unit has high mechanical performance with embedded
electronics and uses a cheap, fast, and commercially available manufacturing process to
increase accessibility to the system.

Our main contributions are:

e 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.

e 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 phys-
ical accessories to customize 1O capabilities and structural shape.

e A design tool to enable end-to-end rapid prototyping with VIK: users can use the
tool to design structures and simulate the structure’s response to mechanical loads to
inform their design.

e The demonstration of potential interactive use cases with the voxels, specifically, we
demonstrate the interactive prototyping process through several iterations of an 10-
enabled chair, a dance floor gamepad, and a force-monitoring bridge, which are (re)
assembled from a shared set of voxels.

2.3 Related Works

Few works in HCI focus on prototyping large and sturdy structures with embedded elec-
tronics. 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 fol-
lowing section, we investigate each of these sub-areas to identify their trends, successful
approaches, and overarching limitations. A comparison of some key parameters is shown
in Figure 2-2. These are then synthesized together to construct an intersectional set of
principles used to develop VIK.
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Figure 2-2: Comparison of selected electrical and mechanical prototyping kits in terms of
sturdiness, size, and availability, where availability is a heuristic for how easy it is to acquire
or create a practical quantity of parts for each kit.

2.3.1 Electrical Prototyping Kits

When designing modular electronic kits, 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 prototyping 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 prototyping 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 [108] 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” [108]. 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
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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.

2.3.2 Fabricating 3D Forms with Integrated Electronics

Since VIK is intended as a combined mechanical and electrical prototyping system, we
investigated the different ways that people integrate electronics into physical devices. From
this, we identified three main themes: grafting, embedding, and ensemble configuration. 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 [98], attaching flexible circuit
boards [185], adding conformable copper traces [186], sewing in conductive threads [39], and
patterning with conductive inks [74], [176], [183]. 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 integrated within the volume
of the objects. Researchers have explored a variety of techniques, such as multi-material
printing with conductive material [70], [23], [55], [61], [77], [133]. A common trait of em-
bedding 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 prototyp-
ing with these approaches also requires maintained access to digital fabrication equipment,
restricting where and when interaction can occur.

Ensemble Configuration, the third and final approach, employs electromechanical build-
ing blocks that can be (re)assembled into various forms. Blinky Blocks [102], a foundational
example of ensemble assembly of digital materials, are cheap building blocks that can be
freely assembled into 3D structures with magnetic interconnects. Commercially available
ensemble configuration kits exist today, such as littleBits [32] and LEGO Mindstorm [20],
but none support the facile creation of human-scale structures. Since ensemble configura-
tion focuses on the rapid reconfiguration of inexpensive building blocks, these approaches
prioritize inter-module connections 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 Strawc-
tures [180], but with limited load-bearing capabilities. Overcoming this limitation is a
central challenge to producing large and sturdy structures, and doing so would allow ma-
terial to be reused instead of consumed by expensive, time-intensive fabrication processes
that disincentivize iteration.
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2.3.3 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 [21] approaches this challenge by
creating structures out of tape tubes that are lightweight, cheap to iterate, and quick to form
self-supporting structures. However, these artifacts have minimal load-bearing support.

In Forte [45], 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 [31] 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 design sturdy laser-cut objects. However, the work
does not optimize the usage and reusability of the fabrication material, making iterations
expensive due to the consumption of sturdy materials.

TrussFab [105] uses plastic bottles and 3D-printed joints to create reconfigurable load-
bearing structures. The user defines a target geometry, and an accompanying design tool
automatically generates a corresponding truss structure and performs structural analysis
to ensure suitable strength for the specific application. TrussFormer [103] 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 assembled,
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
limiting (getting parts printed via a service results in part costs on the order of $10-$30 per
part, which will quickly become prohibitive for large structures). This work is extended to
steel tubes in [104], 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, Fozels [141] 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.
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2.3.4 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.

Prototyping vs. Big and Sturdy: We define prototyping as the rapid and cheap itera-
tion 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 capa-
bilities similar to furniture, able to support both compressive and tensile forces like those
shown in Kyub [31]. Additionally, big & sturdy structures need to be safe. Thus, our
system must provide a built-in workflow for non-experts to quickly evaluate the stability
and safety factor of a given configuration.

Availability: Availability refers to the ability to immediately access the system with min-
imum labor, cost, fabrication tools, and custom processes required. Availability also relates
to the educational overhead needed to use the system. A characteristic example of high
availability is LEGO Mindstorm [20], [2], which can be readily 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 requires fabricating many components and hundreds of parts,
especially 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/0O 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.

Electrical Flexibility vs. Structural Coupling: Electrical flexibility is the ability to,
at any point in the prototyping process, support easy configuration and reconfiguration of
various electronic 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
embedded into the structure when possible instead of grafted onto the surface to keep them
secure and hidden.
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The contribution of this work lies in addressing these three guiding 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 structural 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.

2.4 VIK Overview and Fabrication

VIK is an inexpensive and reconfigurable assembly-based building 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 elec-
trical wiring harness.

The voxel design in VIK abstracts both the structural and electrical engineering knowledge
so that the end user can focus on developing interactive high-performance structures without
needing significant expertise in either of these fields. Similarly, we designed the electrical
system— and how it interfaces with the mechanical system— to be straightforward and
error-proof. In contrast to many other mechanical and electrical platforms, VIK minimizes
the necessary digital fabrication expertise and access. VIK primarily uses cheap, recyclable
components ordered from a PCB vendor. Because VIK is mechanically and electrically
reconfigurable, iterating 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 Supplementary Materials.

2.4.1 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 optimal stiffness-to-weight properties [46], while the
face-connected geometry is used for easy assembly [91]. Because the cuboct lattice only
achieves its optimal mechanical properties when many unit cells are tiled together [72], 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 competi-
tive with prior research on truss-based architected materials, such as the high-performance
micro-lattices described in [184], and outperforms the nearest mass-manufactured discrete
approaches [91], [161] by an order of magnitude. Similarly, a three-voxel beam (including
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Figure 2-3: 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.

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. Aluminum is chosen as the PCB substrate as it provides good mechanical
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), requiring 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.

2.4.2 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 2-3A, and a microcontroller frame,
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Inner-voxel connection pad

Orientation of signals
matches snap fit connectors:
voxel assembly is always
electrically correct

— Ground, VCC, SDA, SCL
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Voxel-to-voxel connection pad

Ground side is always facing out
so that voxel-voxel connections
are always correct

Figure 2-4: 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
connections and on the beams for between-voxel connections.
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which integrates a microcontroller 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 2-3C 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 2-3D, similar to the system used in [42] or [165]. Although
soldering every corner 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 12C [4], a common and simple communications protocol
for microcontrollers 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 12C as an interface option.
Figure 2-4 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 connectors (see Figure 2-5). 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 12C 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 in-
dexing features on the voxel faces, as shown in Figure 2-6. The clips are also made from
aluminum PCB via a board house, at <$0.10 per part. We explored two clip configura-
tions: a 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.

2.4.3 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
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Figure 2-5: 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.
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Figure 2-6: A) Two-prong clip and three-prong clip examples. B and C illustrate the
installation process of the clips.

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 2-7).

We built the second family of microcontroller boards around ESP32 microcontrollers for
added WiFi and Bluetooth capabilities (see Figure 2-7). The current VIK system archi-
tecture typically uses one ESP32 microcontroller as the primary controller of the I12C bus,
with ATtiny boards as targets (though the current hardware is compatible with some al-
ternate networking architectures). ATtinys 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 Materials, 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 minimal 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.
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Figure 2-7: (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.
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2.4.4 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
12C 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
12C 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 [1]. 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.

2.5 Design Tool Overview

2.5.1 Design and Assembly

We developed a physical computing design tool: an online integrated tool where the users
design a structure and simulate the loads/deflection of the structure simultaneously, based
on the tool introduced in [64]. The goal of this is to enable users without engineering
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 2-8). 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 background,
the assembly sequence is saved, and one can later replay this assembly sequence to help
inform the assembly process.

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
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Figure 2-8: Design tool overview. The design tool has two windows: Assembly and Simula-
tion. 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, in-
cluding safety factor.

46



MEASURED VS SIMULATED FORCE-DISPLACEMENT
2500

2000

= 1500

1 voxel compression

FORCE (N

1000

500 3 pt bridge bending

0 0.2 0.4 06 0.8 1 1.2 1.4 1.6
DISPLACEMENT (MM)

Figure 2-9: Measured vs. simulated results for force-displacement in the elastic range,
showing good agreement with the toe region removed.

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.

2.5.2 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 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.
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In [91], 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 simula-
tion 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
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
2-9 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 displacement,
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 simulation 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.

2.6 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
background 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 2-10). 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,
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Figure 2-10: 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.

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.

2.7 Applications

In this section, we demonstrate how VIK enables the reconfiguration 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 management, 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 disassembled) from the same set of voxels. This is
illustrated in Figure 2-11, 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.

2.7.1 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
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Figure 2-11: Flow of voxels used in the example applications.

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 [79], [88] 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 2-12).

Victor first assembles the 6x6 voxel grid with a few friends before outfitting it with elec-
tronics. 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 ex-
isting 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 addi-
tionally 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 [53]). The dance floor logs approximately two person-
hours of total use and shows no signs of mechanical or electrical damage, indicating good
fatigue performance. If we assume a person dances at 1 Hz and exerts 1.5kIN 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.

2.7.2 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,
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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 vox-
els 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 2-8). 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 detect the user’s body while sitting on the chair
(see Figure 2-13 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 2-14, and is there for
comfort.

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.

2.7.3 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 2-15). 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.
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_J—— 5V Battery
Primary controller

Speaker breakout

Volume control
(capacitive sensor)

Frequency control
(capacitive sensor)

Acrylic seating pad
(optional, re-used
from dance floor)

Figure 2-13: 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.
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Figure 2-14: 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.

2.7.4 Bridging Play Structure

Victor then wants to build a play structure for their child and decides to assemble a minia-
ture bridge (termed “abridged bridge”) with embedded load sensing, which will allow them
to track and test what structure configurations result in the most interactions. Load sensing
is implemented via two-plate capacitive distance measurement using microcontroller frames,
as shown in Figure 2-16. Voxels are additionally embedded with NeoPixels, and all systems
are coordinated via a WiFi-enabled microcontroller and powered via USB 5V battery packs.

The bridge is initially assembled with a 3-voxel length span, as shown in Figure 2-11. 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 2-16, 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 necessitated 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— mechanically and electrically— to be used in high-load
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Figure 2-15: Overview of the Slowbot. A) Bottom view of the Slowbot, showing the di-
rectional fur modules. B) Close-up view of directional fur, with an arrow indicating its
orientation. C) Installing the slowbot into the Chairemin.
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Figure 2-16: 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.

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
2-17. Mechanically and electrically, the bridge withstood multiple jumps, indicating that its
ultimate load-bearing capacity is much higher, which aligns with our expectations. We then
removed three voxels from the middle of the structure and tested them under compression
(see the Supplementary Materials for reference), recording a maximum average load of 2216
4+ 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).

2.7.5 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
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Figure 2-17: The stair lights' step-response behavior and the approximate jump impact
force calculation.

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 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 2-18).

After this, they outfit the lounge chair entirely with commercially available development
boards and modules. Because they are unsure what functionality they ultimately want
with the chair, they iterate through different 10 modules and physical voxel placements:
initially, they install a Sparkfun Qwiic joystick module into a low 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 experience, 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 2-19). 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
2-20).

In these demonstrations, hypothetical Victor can build and rebuild a series of load-bearing
human-scale interactive devices using very simple tools, with confidence that the building
system handles all of the tricky details that usually come with building big 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, prototyping at
this scale is much more limited than at the desktop scale, and VIK (hopefully) represents
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Figure 2-18: 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.
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Figure 2-19: 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.
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Figure 2-20: Inputting gestures to change light and audio settings.

a step toward broadening access to human-scale electronics-integrated prototyping.

2.8 Discussion, Limitations, and Future Work

2.8.1 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 [91]. Future work can
open new dynamic interactive modes by adding actuators such as servos or liquid crystal
elastomers [62]. Integration of such actuators would also extend the system’s usability
for modular robotics systems, similar to [17], or toward self-assembly systems as in [161].
Actuation that takes advantage of the lattice system could also be explored, such as in
[132].

2.8.2 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 outdoor
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 appli-
cations beyond a prototyping tool. Specifically, we can expand the types of networking
supported by VIK beyond an 12C bus, which, while convenient for prototyping, has limited
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functionality at larger scales. In practice, we find that a single 12C bus on VIK supports
total distances of approximately 1 m before path resistance and capacitance become lim-
iting, which could be addressed by switching to a different network, such as CAN bus.
For structures with hundreds or more devices on them, it may be beneficial to switch to
a communications strategy that doesn’t require addresses, such as hop-count, similar to
what NeoPixels implement, or a self-discoverable network such as in [149]. 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.

2.8.3 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 microcon-
troller programming, which leaves out many people. Future work will address improving
the usability of this system for electronics novices, such as by leveraging [149], a hardware
virtualization system to enable easy microcontroller networking for machines.

2.9 Conclusion

We introduced VIK, a kit for creating large-scale, structural, reconfigurable 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 interactive 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 sacrificing mechanical performance. Combining
the electrical and mechanical elements minimizes the amount of material that goes into VIK
constructions. Though even without electronic functionality, 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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Chapter 3

Robotic Voxels for Robotic Voxel
Assembly

The work in this chapter appears in part in the publication ”Self-Reconfigurable Robots for
Collaborative Discrete Lattice Assembly”, which was written with my collaborator Amira
Abdel-Rahman and published in the ICRA conference proceedings from 2024.

3.1 Abstract

We present a robotic system for the assembly of 3D discrete lattice structures in which
the robots are able to self-reproduce, such that the assembly system may scale its own
parallelization. Robots and structures are made from a set of compatible building blocks,
or voxels, which can be assembled and reassembled into more complex structures. Robotic
modules are made by combining actuators with a functional voxel, which routes electri-
cal power and signals. Robotic modules then assemble into reconfigurable robots via a
reversible solder joint. The robot assembles higher performance structures using a set of
construction voxels, which do not contain electrical features. This paper describes the de-
sign, development, and evaluation of this assembly system, including the robotic hardware,
lattice material, and planning and controls methods. We demonstrate the system through a
set of fundamental assembly tasks: the robot assembling another robot, and the two robots
collaborating to assemble a small structure.

3.2 Introduction

The autonomous assembly of large, high performance structures remains limited by the
size and complexity of the necessary machines. As the size of the machine gets larger, the
demands on the relative precision of the machine also get larger; the machine must travel
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larger distances while maintaining a low error threshold in material placement. Assembly-
based approaches to building large structures using discrete elements can address this scaling
problem by introducing error-correcting features into the discrete feedstock— the precision
of the assembled material corrects for imprecision in the assembler [46]. Mobile assembly
robots can be used to decouple assembler size from the size of the final structure, enabling
the construction of arbitrarily sized structures [89]. This style of robotic assembly has been
demonstrated with both highly complex robotic systems, such as with aerial drones [125] or
arms mounted on moving bases [76], as well as with relatively simple robots, by co-designing
the assembled material with the robot such that the underlying material corrects for errors
in the robotic system [89]. This style of “relative robot” assembly often uses a robot which
directly locomotes over the assembled structure, such as in [89], [142], [112], or which uses
a combination of robots to deliver and place new material, such as in [121] or [78].

However, it is inefficient to build large structures if a robot must continuously traverse the
entire structure to pick and place single new material units. To improve the efficiency, we
can increase the parallelization of the assembly system by using a modular robot, enabling
a robot to assemble either more of the target structure, more robots, or larger robots that
are able to manipulate more material at once. In this way, the swarm can scale itself to the
construction task at hand. In simulation, [17] demonstrates that taking this self-replicating
hierarchical approach can optimize the efficiency of constructing large structures.

The goal of this work is to provide a functional hardware basis for realizing this style of
robotic assembly system. We introduce a hardware basis for realizing the self-reproducing
robotic assembly system described in [17], addressing physical limitations of the robots
used in [89] and [17] that prevented them from assembling load bearing systems or self-
replicating, respectively. In our system, as in [17], the assembly robot itself is composed of
modules compatible with the material it assembles (see Fig. 3-1), and we have iterated both
these modules and the building material system (or voxels) so that they form structural
connections. We demonstrate this system through the assembly of small-scale structural
voxel primitives and through the robotic assembly of a second robot that can then assist in
further voxel assembly.

3.3 Background

Cellular materials or architected materials represent a solution for distributing material
efficiently and effectively in space. In engineering applications, these materials are often
used in systems that need to be lightweight without sacrificing mechanical performance.
Cellular materials span a range of sizes and purposes— at the very large scale, we might
recognize a truss bridge as a cellular material assembly, and at the other end of the size
scale are micro-lattices with features on the order of 100s of microns [157]. Much of the
current research in producing this type of structure is focused on materials with very small
features— lattice pitches on the size scales of 100s to 1000s of microns, which then form
material samples on the size scale of centimeters [156] [157] [184]. The manufacturing
techniques required for producing material at this scale, such as two-photon lithography
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Figure 3-1: Two robotic assemblers standing on a build plate that provides a stable starting
point for the assembly of larger voxel structures. The robot on the right was assembled by
the robot on the left.
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3D printing, would be difficult to scale up to sizes past the 10s of centimeter scale [91].
Discretizing the lattice into building blocks which can then be assembled into arbitrarily
large structures can leverage the benefits of cellular materials at larger size scales [46].

This work focuses on methods for automating the assembly of cellular materials at large
scales using a voxelized approach. In prior work that demonstrated discrete cellular ma-
terial for mid- to large- scale assemblies, such as for soft robotic [138], automotive [96], or
aerospace [90] applications, the assemblies were composed manually— limiting the utility of
these systems for broader application. Introducing a robotic assembly system would enable
the adoption of the materials for wider use. To maintain global accuracy over the voxel
structure, we adopted a relative robot approach to assembly [89], in which our robot and
material systems are designed together, such that the material system is able to correct
errors in the positioning of the robotic system. A prior robotic voxel assembly system,
BILL-E [89], [17], [93] used a magnetic voxel feedstock with self-correcting features on the
robot grippers to achieve consistent part placement in spite of the simplicity and minimal
feedback present in the system. Similarly, brick- based systems, such as TERMES [142], a
termite-inspired swarm construction system, or VaultBot [121], have also used specially de-
signed bricks, both with magnetic insets, which interface with the assembly robot in specific
ways to improve assembly performance.

Much of the prior work in modular robotics has also been concerned with developing modules
that are able to be reconfigured in repeatable ways by an imprecise assembler— the modular
robot itself. Robot modules typically have well-defined attachment points, leading toward
chain- like geometries, in which modules attach end to end such as in [178], or grid-like
geometries, in which modules can attach on multiple faces, such as in [167], though some
work has also explored module attachment at arbitrary locations, such as [168]. These
systems have employed a variety of attachment processes, such as motor-driven latching,
as in [106] or [33], or phase change systems, such as through reflowing solder in [129], or
melting a polymer [168]. The modular version of BILL- E [17] that this work extends on used
a magnetic joint for the robot modules, which resulted in a low-strength connection that
prevented the self-reproduction of that system and thus recursive assembly. Similarly, since
the prior system only worked with magnetically connected voxel feedstock, the resulting
structures could not bear load. The primary contribution of this paper is to demonstrate in
hardware a modular robotic assembly system that is able to both assemble structures with
desirable mechanical performance, and to assemble further robots.

3.4 Robot Hardware

3.4.1 Functional Voxels

The basis of the robotic system is a functional voxel— a building block element containing
electronic functionality. [17] and [42] use a functional voxel made from PCB laminated to
acetal, which uses soldered finger joints for the internal face connections and a combination
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of spring connectors and magnets for the voxel-to-voxel connections. For greater strength in
that system, the magnets may be swapped for e.g. rivets, as done in [42], which renders the
system more difficult to assemble robotically or to reconfigure. This work extends on the
previously introduced design in [17] to incorporate a more mechanically stable joint com-
patible with robotic assembly, an increase in the amount of signals routed, and, optionally,
the direct incorporation of microcontrollers into the voxel frame.

The functional voxel used here consists of six FR4 PCB faces assembled into a cuboctahe-
dron or “cuboct” geometry. Similar to the work in [17], the joints within a voxel are epoxied
and soldered. To enable autonomous connections between voxels without introducing signif-
icant additional weight, the system uses a reversible solder joint, modeled off of the system
used in SolderCubes [129]. Like that system, the voxel faces have exposed pads primed
with a low melt solder, and are heated using large surface mount resistors on the opposite
side of the PCB. Unlike [129], we only use resistors on one side of the connection to reduce
the amount of necessary electronic components, though it results in a longer attachment
time— approximately six minutes to reliably flow and then cool the solder joint.

Figure 3-2: Functional voxels and robot modules. A) A fully assembled functional voxel
comprised of six PCB faces. B) The basic frame face, which routes four lines and carries
no components. C) The ATtiny412 face, which controls the motor in each module. D) A
close up view of the inner-voxel solder joint of one face. E) A close up view of a soldered
inner-voxel joint. F) The gripper module. G) The wrist module. H) The elbow module.

This system uses three main types of functional voxel faces. The first is a basic frame, which
routes four signals— ground, supply voltage, serial clock, and serial data— and carries no
additional electronic components. We then use two types of microcontroller faces: a primary
controller face and a generic robot module face. The primary controller of the robot uses an
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ESP32-WROOM microcontroller, receiving commands over Wi-Fi from a central computer
and disseminating these to the microcontrollers on each robot module over an 12C bus. The
robot modules use ATtiny412 microcontrollers, which receive commands over the data lines
and can either move a servo, report a measured joint angle, or activate the resistive heating
circuit.

Resistive heating circuit Supply voltage

\ Ground

Serial clock line

\ Serial data line

Alignment magnet space

L]

Figure 3-3: Labeled components of two of the functional voxel frame types. (Left) AT-
tiny412 face with resistive heating circuit and alignment magnet install locations demar-
cated. (Right) Basic frame with the reflow solder signal pads labeled.

3.4.2 Modular Robot

Using this set of faces, we can build robotic modules by adding actuation. The robotic
assembler makes use of three types of modules: a gripper, a wrist-type joint, and an elbow-
type joint. The gripper attaches to voxels, enabling the robot to locomote over the lattice
or to manipulate voxels. The wrist and elbow modules are both rotational joints with
approximately 180 ° range of motion. To select an appropriate motor for the modules,
we considered the potential worst case loading scenario— in which the robot cantilevers its
entire length while carrying an additional module— and calculated the approximate required
motor mass and stall torque required. Based on this, the FEETECH High-Torque Servo
FS5115M-FB from Pololu was selected as a low cost and convenient option for the wrists
and elbows with the feedback line broken out. The grippers use the smaller FEETECH
Mini Servo FT1117M-FB from Pololu as the torque requirements are lower. The modules
use FDM 3D printed parts to interface between the functional voxel faces and the motors.
Parts were printed in either PLA (for the configuration 1 style robot, as shown in Fig. 3-4)
or nylon with chopped carbon fiber (for the configuration 2 robot).

Modules are assembled into robots by stacking. The wrist and elbow type modules only
accept connections from opposing ends (as in a chain-type modular robot), while the grip-
pers can be configured to accept connections from any of the faces aside from the gripping
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surface. Though the robots explored in this project only make one connection from the
grippers, future versions of the robot could add additional features by expanding from the
grippers. Specifically, a separate gripping arm (as in [17]) could be added to improve the
payload carrying ability of the robot. This paper explores two configurations of 6DoF robot,
both of which use two grippers, two wrists, and four elbows. These configurations are shown
in Fig. 3-4— in the first, there is an elbow joint immediately above the grippers, and then
a wrist joint, while in the second the wrist joint comes first. The configuration 1 robot has
a longer vertical reach than the configuration 2 robot, while the configuration 2 robot has
a wider set of diagonal movement available to it.

elbow

wrist

wrist

Configuration 1 Configuration 2

Figure 3-4: Two configurations of robot that we explored. The different configurations have
different accessible spaces, and so are better suited for different types of movement from
each other.

3.5 Construction Voxels

We used a face connected cuboctahedron unit cell, as done in [91]. The unit cell is de-
composed into six 2D faces which are snap-fit assembled together and then decorated with
latching features to facilitate voxel-to-voxel connections. Voxels are designed to be installed
and removed vertically, for ease of robotic assembly. Because the voxel design is based
on 2D faces, it is compatible with a range of materials. For this work, we primarily used
aluminum voxels or acetal voxels. The aluminum voxels were made either from laser cut
aluminum or were purchased as aluminum PCBs from JLCPCB. PCB manufacturing was
chosen as it is a cheap process— individual faces were priced at less than 0.30USD per face
at 250 order quantity. Acetal voxels were laser cut.

Two clip families were used. In the first, the clips constrain all but one degree of freedom
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Figure 3-5: The construction voxel system. A) A single aluminum PCB voxel face from
the top view. B) The bottom view of the same voxel face. C) A voxel with the lateral
connection clips highlighted and the assembly direction demarcated. D) A 3x3x3 assembly
of voxels for characterizing the behavior of the bulk material.
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once a voxel is placed, and require the installation of an additional clip to fully constrain the
voxel. In the second, the clips are designed with snap fit features, such that once placed, the
voxel is fully constrained. A variety of vertical clip types were explored, though all utilized
snap fit features to attach to the lower voxel.

= M

Figure 3-6: Some clips explored for this system. (Clockwise, from top left corner) A vertical
connector clip, another variant of the vertical connector clip, a snap fit lateral joint, a
smaller snap fit lateral joint, a shear clip, a small press-fit joint, a larger press-fit joint,
another variant of vertical clip, and yet another variant of the vertical clip.

The voxels were mechanically characterized through Instron testing. We primarily used
acetal voxels for the testing to characterize the behavior of the joint and voxel geometry.
For this, we tested 1- and 2- voxel stacks under tension and compression, with fixtures
matching how loads would be applied to a voxel in a lattice. We tested the joints under
tension, in shear, and under cyclic loading. We additionally tested the aluminum voxels
under compression to examine the bulk material behavior and scaling. Some of the key
results from this testing are summarized in Table 1. Specifically, the modulus (MPa) and
load (N) are reported for 1- and 2- acetal voxel assemblies tested in compression and tension
(each of these tests is repeated three times), as well as for acetal and aluminum 2x2x2 and
3x3x3 voxel assemblies (which are only tested once). For complete testing results, see [165].

The immediate goal of the construction voxels is to provide a lightweight load bearing
system— which the current design succeeds at— with a secondary goal of achieving behavior
equivalent to a continuously manufactured cuboctahedron lattice— which the current design
falls short of. The 3x3x3 aluminum structure has a density of 62.5 Kg/m?, a compressive
modulus of 5.1 MPa, and reached a maximum load of 4576.68 N, placing the lattice’s
mechanical behavior in a similar range to some metal lattices in [95], or the plastic and
composite lattices in [184] or [91].

However, for this lattice geometry, we would expect better performance, as well as a larger
improvement in the modulus as the voxel count increases, as reported for the systems
described in [72] or [91]. To reach this ideal behavior, the behavior of the voxel structure
needs to be dominated by the behavior of the beams, as opposed to the joints. Because of
the current design of the clips and interfacing features in the voxels, this is not achieved.
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Table 3.1: Summarized Voxel Mechanical Properties

| Part | Material | Test | Modulus (MPa) | Max. load (N) |

1x1x1 acetal C 0.404 £+ 0.009 137.29 £ 1.45
1x1x1 acetal T 0.367 £0.012 210.56 + 22.22
2x1x1 acetal C 0.372 +0.003 134.52 4 0.46
2x1x1 acetal T 0.314 4+ 0.009 82.55 4+ 26.52
2x2x2 acetal C 0.518 513.30
3x3x3 acetal C 0.522 1055.14
1x1x1 | aluminum C 4.50 353.27
2x2x2 | aluminum C 5.07 2028.4
3x3x3 | aluminum | C 5.10 4576.68

A single acetal voxel in tension reaches a maximum load of 210.56 £+ 22.22 N, while two
acetal voxels in tension (which now have clips between them), only reach a maximum load
of 82.55 + 26.52 N before failure, clearly indicating that the clips are a weak point in the
system. Similarly, the variance in the maximum loads reached in compressive tests is much
lower than that of the tensile tests, indicating that the clips behave less consistently than the
voxels. The indexing features on the voxel faces, as well as the clips themselves, introduce
additional compliance in the system that prevents optimal behavior.

3.6 Controls and Simulation

We developed a custom web-based design and simulation tool to be able to test different
control and path planning strategies for the assemblers, as well as further explore different
robot designs and architectures. Fig. 3-7 shows an interactive interface that does the inverse
kinematics for the robot given a target end position.

We implement the centralized path planning algorithm and the shape compiler introduced
in [89]. The algorithm calculates the steps needed to build an arbitrary geometry given
one or multiple voxel deposit locations. These steps are later sent to the physical robots
to start assembling the structure. Using this algorithm, the robot can build any connected
geometry that does not have underhangs, layer by layer. It is possible for horizontal layers
to have unconnected areas, as long as all voxels are connected to voxels in the layer beneath
them. We also implemented the spatio-temporal scheduling scheme introduced in [89] to do
path planning for multiple robots. Fig. 3-8 shows an example of two robots collaborating
to build a spanning structure.

Fig. 3-9 shows some robot design explorations using the simulation tool. Using the set of

modules that we introduced, one can design robots that are able to carry a larger number
of voxels, or collaborate to carry out harder tasks that cannot be achieved by a single robot.

72



The custom design tool makes it easier to explore and simulate these variations in an easy
parametric manner.

| targelEnd

Close Controls
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-
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1

Figure 3-7: Screenshot of the inverse kinematics web interface. The robot end effector
position may be changed by dragging the axis, or by toggling the joint position.

3.7 Robotic Assembly System

3.7.1 Assembly demonstrations

The robotic system was primarily evaluated through demonstrations of fundamental assem-
bly tasks— the construction of a 1D beam, a 2D cube, and another robot. We used the
robots to build beams and small cubes (2x2x2 voxels) out of aluminum voxels. Fig. 3-10
shows the basic steps for voxel assembly. The robot starts standing on the build plate and
a new voxel is manually fed in. The robot swings around to pick up the new voxel, grabs
it, and places it. If using the snap-fit clips, then this placement is stable, otherwise, an
additional clip is required. A new voxel is then fed in.

This basic sequence is also used for assembling additional robots. New robot modules are fed
into the manual feed location. After the placement of the first module, which must contain
the second robot’s ESP32 primary controller, power is wired to the second module. The
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Figure 3-9: Renderings of notional alternate robot geometries with larger payload carrying
abilities from the design tool. (Left) a parallelized version of the current assembler, shown
carrying 8 voxels. (Right) Two of the current robot configurations holding 9 voxels together,
acting temporarily as one larger robot.
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first robot can then stack modules to build out the robot, with the second robot running
its resistive heating routine after the placement of each new voxel. Magnets installed in
the faces of the modules, as well as some extending 3D features in the modules, help with
consistent module alignment, in spite of imprecision from the assembling robot.
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Figure 3-10: The basic assembly sequence. 1) The robot starts standing on the build plate.
2) A voxel is manually fed in. 3-5) The robot swings back to grab the voxel. 6) The robot

places the voxel and a new voxel is fed in.

At a certain point, the assembling robot is no longer able to reach the next module placement
for the robot it is assembling. At this point, the assembled robot can help the assembling
robot by moving to accessible positions, as shown in Fig. 3-11. Fig. 3-11 shows this
assembly sequence for the attachment of the last two modules. The robot that is being
assembled moves itself so that the assembling robot can reach the next placement location,
and then moves out of the way, so that the assembling robot can pick up the next module.
This is continued until the second robot is complete.

Once there are two robots, the robots may collaborate with each other to improve the
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Figure 3-11: A portion of the robotic assembly of a second robot. 1) The 7th module of the
assembled robot is placed on the lattice. 2-3) the assembled robot connects to it, and 4) the
assembler places the last module. 5-6) The last module is connected to form two robots.

overall performance of the system. We demonstrate a basic version of this collaboration by
having both robots work on the assembly of a four voxel cantilever beam that supports the
weight of the assembly robot (see Fig. 3-12 for reference). The robots initially build out a
3-voxel beam from the build platform, as done in Fig. 3-10, and then they add another 2
voxels on top of that beam, allowing the second robot to step up onto the initial cantilever.
From there, the first robot picks up and passes voxels to the second one, which then places
those voxels to extend the cantilever.

As is visible in Fig. 3-12, the beam does visibly deflect under the weight of the robot,
which would negatively impact the ability of the system to continue accurately building
out the beam for a different geometry (e.g., if the beam were built to bridge between two
voxel structures, the deflection could potentially prevent the accurate indexing of the voxels
onto the other side). Currently, the path-planning systems do not account for this type of
non-ideal behavior. Future work will address this by iterating the material system to make
it stiffer, as well as potentially advancing the path planning software to account for local
material deformations during assembly.
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Figure 3-12: Collaborative robotic assembly of a cantilever beam that supports the weight
of one robot. 1) Robot 1 picks up a voxel and 2) passes it to robot 2. 3) Robot 1 returns
to the voxel feed location, while robot 2 grabs the voxel left by robot 1. 4) While robot 1
delivers the next voxel to robot 2, robot 2 extends the cantilever. 5) Robot 1 reverts to its
initial position and robot 2 builds out the cantilever. 6) Robot 2 walks to the end of the
cantilever beam.
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3.8 Discussion

The robotic assembly system demonstrates in hardware the basic functionality for a self-
reproducing assembly swarm: the robot can make another robot, and these robots can build
load bearing structures, advancing it past the prior BILL-E assemblers this work extends
on. This work is a starting point for this system, though, and so still faces challenges before
it can fully realize the goal of an autonomously self-scaling swarm construction system.

The relative robot building strategy assumes that the interface between the robot and the
material is reliable enough to correct any failures in the positioning of the robot. To evaluate
this assumption, the repeatability of this system was tested by repeatedly walking the robot
back and forth on a voxel structure. Specifically, the configuration 2 style robot walked back
and forth over a voxel beam, using three different step types. The overall failure rate was
7.1 %. These failures occured primarily because the robot could not detect if a step failed—
further iteration of the gripping leg flexure design would help mitigate failures, while the
addition of a minimal feedback system, such as the switch used in [93], could allow the
robot to self-correct.

Because the robot does not have additional voxel carrying capabilities, to build beyond its
reach, it must place voxels in temporary locations, and then pick and place them to their
final location. This is less efficient than simply carrying the voxels, and introduces more
steps during which the robot could fail. We will likely add a third gripper to the robot, as
done in [9] to resolve this.

We only demonstrate collaborative robotic behavior in a limited manner. Even though for a
structure with this few voxels, the use of two robots does not substantially improve the time
efficiency of the system, this represents a small-scale demonstration of the type of collabora-
tive robotic behavior we want to further develop, such that it enables the efficient assembly
of eventually large structures. The current system does not use online planning, that is,
path planning is done on a central computer and exported to the robots that then execute,
analogous to running g-codes on CNC machines. Future work could explore online planning
algorithms, such as those described in [50], and work up towards replicating in hardware
the results described in [17], specifically in exploring hierarchical robot configurations.
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Chapter 4

Hierarchical Discrete Lattice
Assembly

The work and text in this chapter appear in part in the publication ”Hierarchical Discrete
Lattice Assembly: An Approach for the Digital Fabrication of Scalable Macroscale Struc-
tures” which is written with my co-authors Paul Richard and Alexander Htet Kyaw. I would
like to specifically note that the voxelization and planning tool was developed by Paul, but I
include it in this chapter for a holistic description of the voxel assembly system. This was
published at the ACM Symposium on Computation and Fabrication in 2025.

4.1 Abstract

Although digital fabrication processes at the desktop scale have become proficient and
prolific, systems aimed at producing larger-scale structures are still typically complex, ex-
pensive, and unreliable. In this work, we present an approach for the fabrication of scalable
macroscale structures using simple robots and interlocking lattice building blocks. A target
structure is first voxelized so that it can be populated with an architected lattice. These
voxels are then grouped into larger interconnected blocks, which are produced using stan-
dard digital fabrication processes, leveraging their capability to produce highly complex
geometries at a small scale. These blocks, on the size scale of tens of centimeters, are then
fed to mobile relative robots that are able to traverse over the structure and place new blocks
to form structures on the meter scale. To facilitate the assembly of large structures, we in-
troduce a live digital twin simulation tool for controlling and coordinating assembly robots
that enables both global planning for a target structure and live user design, interaction,
or intervention. To improve assembly throughput, we introduce a new modular assembly
robot, designed for hierarchical voxel handling. We validate this system by demonstrating
the voxelization, hierarchical blocking, path planning, and robotic fabrication of a set of
meter-scale objects.

79



4.2 Introduction

Machines for digital fabrication typically cannot make objects or structures larger than
themselves. Although this is not necessarily limiting on the desktop scale, as target struc-
tures scale toward human or architectural scales, the prospect of ever-growing machine
footprints eventually becomes untenable [119]. Current digital fabrication approaches for
larger-scale structures often section the target structure into parts that can be produced
separately and then assembled, usually manually [63] [105], [31]. Approaches that consider
assembly automation often rely on large and expensive industrial robotic arms with limited
overall mobility [124]. In either case, there is no clear strategy toward scaling to unlimited
build footprints or autonomous environments.

In contrast, collective robotic construction, in which a group of robots collaborate to assem-
ble a structure larger than any individual robot, offers significant promise towards scale-
agnostic, efficient, and autonomous fabrication [144]. However, hardware demonstration
of these systems has typically been limited in scale [89], load capacity [143], or geometric
freedom [121]. This is because automated large-scale fabrication with mobile robots is inher-
ently challenging, with many competing priorities, such as structural stability versus mass
efficiency, geometric complexity versus ease of robotic fabrication, or robotic functionality
versus swarm simplicity.

By designing a material system together with its robotic assembly system, we can address
some of these issues. The mechanical interplay between the assembly robots and the under-
lying material system can enable local error correction, allowing relatively simple robots to
build large and precise structures [89]. In this work, we present an approach to the assembly
of large structures using small relative robots that manipulate hierarchical blocks of lattice
material. Our approach uses a new type of discrete lattice block and robotic system aimed
at improving assembly throughput and mechanical stability. We use standard digital fabri-
cation processes to pre-produce compounded blocks of architected lattices— a high efficiency
material system— at the size scale of tens of centimeters, and then use mobile robots to take
over beyond that, to the meter scale. To ensure structural stability, we developed a tool
similar to a 3D printing slicer that imports a 3D mesh, voxelizes it, and finds interleaved
patterns for robots to assemble. It then simulates the assembly live, streaming instructions
to the hardware system. Our contributions are:

e An interactive tool for voxelizing 3D shapes and finding connected patterns for differ-
ent shapes of blocks.

e A digital twin path planning and simulation environment integrated with the hardware
system, for both assembly control and live design and re-design of structures.

e The development of a compounded set of self-aligning, interlocking, and load bearing
octet lattice blocks designed for robotic assembly.

e The development of a new modular inchworm style assembly robot, designed for hi-
erarchical assembly and low system cost and complexity.
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Input Mesh Voxelization Simulation Fabrication Final Structure

Figure 4-1: Pipeline from STL Mesh to voxelization, to simulation, to robotic assembly, to
the final structure for a small bench.

4.3 Related Work

Our approach builds on existing research in scalable building systems, robotic construction
and assembly systems, and material-robot and modular robotic systems. In this section, we
overview these fields and identify trends and limitations that guided our approach in this
work.

4.3.1 Scalable Building Systems

Although this work is focused on the robotic assembly of structures, scalable prototyping
systems designed for human use offer useful insights into reliable mechanical design for
building at larger scales. Specifically, we draw from systems that are not significantly
limited by the build volume of the fabrication systems used. Broadly, these systems tend
to fall into three categories: continuous, sectioned, and discrete fabrication processes.

Continuously Fabricated Systems

An example of a continuous fabrication system capable of producing meter-scale structures
is Protopiper [21], which extrudes tape-based pipes to draw out human- to architecture-
scale structures. However, this system has limited load bearing capacity. Wire benders,
such as [140], are similarly able to extrude much larger structures than the machine itself,
and with potentially good load-bearing capacity, such as in [35]. However, these continuous
extrusion based processes have no mechanisms for preventing error accumulation in the
built structure, and instead rely on the precision of the machine, or human intervention, to
correct problems as they arise— a potentially significant issue, given that a small error in
bend angle over a long distance can result in substantial deflection from the target shape.

Sectioned Fabrication and Assembly

Splitting up a target structure into subcomponents can help ameliorate some of the issues
with error accumulation, while additionally opening up a wider array of fabrication systems.
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These approaches are typically geared toward breaking a larger model down into either
2D components that can be cut and assembled together, or smaller 3D models that can
be separately fabricated and assembled. LuBan3D [116] is a software package aimed at
doing exactly this: facilitating users to fabricate structures much bigger than the machines
they have, such as the house in [155]. More specialized examples aimed at non-expert
users include Kyub [31], which enables the design and automatic creation of load-bearing
structures made from laser cut plywood, or HingCore [19] and PopCore [18], which offer
joinery-free methods for processing foamcore or equivalent sandwich panel material. The
primary issue with these methods is that they produce highly specific parts for specific
designs, often requiring dexterous methods for assembly. This makes automation much
harder: handling extremely diverse geometries in many degrees of freedom is a hard problem
in robotics. Additionally, this typically prevents re-use of parts, as components are likely
not portable to new designs, requiring full re-fabrication and re-assembly to make design
iterations.

Discrete Assembly

Continuing the trend toward breaking up a big structure into smaller parts is the class of
systems that use discrete assembly, where a single part type (or a small library of component
types) is used to iteratively build many different target structures. A classic example of
this is LEGO®), which enables an imprecise assembler (e.g. a child) to build precise and
relatively robust structures. This is because the material system is designed to self-align
and error correct during the assembly process, so that the accuracy of the final structure is
primarily determined by the tolerances in the part manufacturing, and not by the tolerances
of the assembler, in contrast to continuous extrusion fabrication processes. LEGO®) uses
a volumetric brick-based decomposition, but other forms exist, including strut-and-node
systems [105], facet-based assemblies [95], and voxel-based assemblies [72]. This style of
system lends itself well to robotic fabrication, as it features a limited and similar set of
parts, often designed to accommodate imprecise assemblers.

Among discrete assembly approaches for large-scale structures, we focus on using discrete
architected lattices, as these systems offer competitive mechanical properties at a lightweight
[156]. This is desirable both to improve the performance of the resultant structure and to
lower the payload demands on an assembly robot, which reduces some engineering challenges
associated with heavy building materials [69]. Discrete versions of architected lattices have
demonstrated extreme performance results [46], designed material anisotropies [91], and
integrated electronic functionality [162]. Manually, these have been assembled into a wide
array of meter-scale structures, such as morphing aero- and hydro- structures [90] [138],
vehicles [96], or load-bearing static structures [162], demonstrating the broad applicability
that is desirable for a generalist building system.
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4.3.2 Robotic Fabrication Systems

We now consider the question of how to automate the building of large structures. Ap-
proaches for this, again, roughly fall into three categories: large machines to build large
structures, large robots to assemble large structures, or small mobile robots to assemble
large structures.

Static Gantries

In the first approach, a typically gantry-based machine is used to assemble a structure, as
in [26], or, more commonly, to 3D print a structure, as shown in [30] often using systems
in the style of [49], for example. Though these approaches have been demonstrated at
commercial architectural scales, they are still fundamentally limited by the need for very
large machines, which introduces both an upper limit on the size of the structure that
can be made, as well as significant logistics challenges, either in terms of transporting
parts, in the case of pre-fabrication, or building the machine in place, in the case of in-situ
fabrication. With the extrusion based approaches, there are additional open challenges in
material formulation and performance [118] [150]. For these reasons, we are interested in
further exploring assembly based approaches.

Industrial Arms

At the large, complex, and expensive side of the assembly based approaches are projects
that have focused on using industrial robotic arms for assembly. These have demonstrated
a range of material types, such as steel rebar [117], timber [27], or bricks [68], including
commercial systems such as [13] or [11]. However, these systems have limited accessible
footprints, based on the reach of the robotic arm (or the linear axis it is mounted on), or
feature significant localization challenges, if on a mobile base [38]. These projects often
rely on the high performance of their robotic and sensing systems to compensate for the
simplicity in their building materials— by shifting some of the complexity onto the material
system, we can reduce some of the demands (and size and cost) on the robotic system.

Material-Robot Systems

Building systems that rely on the co-design and interaction of the robots and material
systems are often referred to as material-robot systems [89]. The degree of material-robot
integration varies across the literature. At one extreme end, self-reconfiguring modular
robots, as in [129] or [75], could be considered a material-robot system where there is no
distinction between the building system and the robot, resulting in a very complex material
system. At the other end, systems such as [69] or [112] only shift a minimal amount of
complexity onto the material system.
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For discrete lattices, systems for voxel-based assembly, such as in [89], [161], or [71], as well
as strut-based assembly, such as in [78] or [179] have been explored. [89] demonstrated that
an inchworm style robot could accurately traverse and assemble a voxel structure with no
global feedback, based on the error correction between the voxels and the robot. However,
this system relies on magnets and an underlying steel table to form connections and provide
mechanical stability, and has low load bearing capacity on its own. This system is evolved
in [137] to demonstrate the assembly of 100s of voxels [71]; however, the complexity of the
robotic system is substantially increased, requiring three separate high degree of freedom
robotic systems to perform assembly (a voxel carrying robot, a voxel installing robot, and a
voxel fastening robot internal to the lattice), while the size scale of the lattice limits shape
fidelity (300mm pitch).

In both of these voxel assembly systems, as the structure grows, the assembly throughput
decreases, as the robot must traverse the built structure back and forth to pick up and
install new material. [17] proposes that recursive hierarchical systems can help improve
this issue— if assembly robots can assemble more assembly robots, then the swarm can
increase its own parallelization, and if assembly robots can manipulate larger quantities of
material at once, then they can build more efficiently. [161] demonstrates a first version of
the hardware for a load-bearing modular voxel assembler, but is limited to desktop-scale
objects.

Synthesis

Based on the prior art, we can distill some guidelines for an ideal robotic assembly-based
digital fabrication system. Collective robotic approaches that have demonstrated the most
promise towards scaling to practical applications typically strike a careful balance between
the complexity of the material system and robotic system. The material system needs to be
kept simple enough to be manufactured, while sophisticated enough to account for limited
robotic functionality. The robot, in turn, needs enough features and degrees of freedom to
reliably traverse and manipulate the lattice, but not so many that it becomes untenable
to increase the amount of robots used. An ideal connection system only requires access
from a single direction, without adding significant installation time. To maintain effective
assembly times for larger structures, as well as to improve reliability, the system, as much
as possible, should be able to parallelize its function and offer hierarchical assembly.

4.4 System Overview

We present a system for robotically assembling hierarchical discrete lattices. While prior
voxel assembly systems have focused on a cuboctahedron lattice (equivalent to a node-
connected octet lattice), we instead use an edge connected octet lattice because it inher-
ently creates stable alignment features within each unit cell of the lattice (see Fig.4-2 for
reference). By pre-connecting these unit cells laterally, we create compounded lattice/voxel
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blocks that can then tile to form stable 1D, 2D, or 3D structures (see Fig.4-3 for example
tilings). These compounded blocks are thus all built from the same 1x1x1 unit voxel,
but may vary in size and orientation (e.g., 2x2, 2x3, or 2x4), allowing a structure to mix
different voxel types to optimize for geometry, performance, or assembly speed. The ba-
sic geometry of the lattice block is designed to self-align and constrain all but one degree
of freedom when placed. In this work, the final degree of freedom is constrained with a
releasable snap-fit (see Fig.4-6 for further detail).

The self-aligning compounded voxel block offers a few key advantages for robotic fabrication:
1) the alignment features permit placement error on the order of 1/2 the lattice pitch; 2)
the installation of new voxels is purely vertical; and 3) the snap fit connection does not
require physical access to the connection plane to engage, but is still reversible. Together,
these features substantially reduce the requirements on the robotic system. To successfully
build up a structure, the robots only need to traverse over the existing lattice, carry new
voxels, and coarsely place them. To this end, we developed inchworm-style robotic arms
that can crawl over the structure, extending on the paradigm used in e.g. [93], [137], or
[17].

However, the use of compounded blocks introduces new challenges to the design and path
planning of these structures. To this end, we developed a new pipeline for intaking stan-
dard 3D meshes, voxelizing them, grouping the voxels into compounded blocks, and then
simulating their robotic assembly. The simulation space is integrated with the hardware, so
that it additionally acts as the central control/coordination for assembly. This workflow is
shown in Fig.4-1. The software system is further discussed in Section 4, while the hardware
system is discussed in Section 5, with assembly examples and system evaluation in Section
6.

4.5 Software Implementation

A custom Web-based software environment was developed in JavaScript, enabling full con-
trol and simulation of the robotic assembly pipeline on any internet-connected device, with-
out requiring local installation. Leveraging the Three.js visualization library, the system
offers real-time 3D interaction through a synchronized digital twin of the robot. The pipeline
begins with voxelization of a 3D mesh and proceeds through build sequencing, path plan-
ning, and real-time visualization with robot feedback.

4.5.1 Voxelization

The first step in the pipeline is the voxelization of the input geometry, any 3D mesh in STL
format. The mesh is discretized using the size of the unit voxel, resulting in a resolution
of 65mm. Once voxelized, we analyze the grid to identify repeating patterns composed
of multiple adjacent voxels. These patterns can vary in size and orientation and may be
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2x2 offset

Figure 4-2: An overview of the lattice type and building blocks used in this project. The
basic lattice type is an edge-connected octet lattice, which is decomposed into an extended
cuboctahedron-octet, which is then compounded into different arrangements for robotic
assembly.
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composed of simple or stacked configurations. Some example patterns are detailed in Figure
4-2. To ensure connectivity and constructibility, the search prioritizes larger patterns first
(e.g. 4x2x2 blocks) and proceeds hierarchically down to smaller units, filling in gaps as
needed. Fach detected pattern must be locally connected to at least one neighbor, either
directly or via a base layer.
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Figure 4-3: (Top) An example of tiling 2x2 offset voxel blocks to establish a first layer or
overhang, with red arrows indicating the axes of potential extension. (Bottom) Beyond the
first layer, layers can achieve interconnection through staggering layers.

4.5.2 Building Sequence

Given the location and type of each voxel in the structure, the next step is to define a
build order that ensures feasibility while minimizing future path planning complexity. The
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building sequence determines the order in which each voxel of the structure is assembled
and is influenced primarily by two parameters: the number of robots and the location of
their associated voxel Feed. We assume each robot is assigned a unique voxel Feeder from
which it collects and places voxels. The structure is first partitioned by assigning each voxel
to the closest source based on the Manhattan distance. In case of equidistant voxels (a tie),
a simple alternating policy ensures balanced distribution among Feeds.

Once assigned, the construction process is parallelized between robots. For each robot, a
building sequence is computed independently. The structure is decomposed into horizontal
layers, starting from the base and progressing upward. Within each layer, voxels are placed
outward from the feed point, ensuring that the built region grows in a connected and stable
manner.

This strategy guarantees that every newly placed voxel rests on an existing one from the
layer below, thereby creating a new accessible surface on the current layer. As a result, the
robot can step onto this newly created platform to continue placing subsequent voxels. The
building sequence algorithm enforces this outward growth, ensuring that at every stage,
the next voxel to be placed is both structurally supported and physically reachable by the
robot.

4.5.3 Path Planning

Once the build sequence is established, each robot must autonomously navigate from its
associated Feed location to its assigned placement position, taking into account the current
state of the partially build structure. To generate feasible and collision-free paths, we employ
an A* algorithm adapted to the discrete 3D voxel space, which minimizes the function:

h(n) = f(n) +g(n) (4.1)

Where g(n) is the cost of moving from the start to voxel n and h(n) is a heuristic estimating
the cost to reach the goal from n. We use the Manhattan distance as the heuristic, which
performs efficiently in the voxel grid while preserving path optimality in our constrained
setup.

The A* algorithm is particularly powerful in a voxelized environment, as the search space
is inherently discrete, the connectivity is regular, and the heuristic directly reflects the
grid geometry. By expanding nodes along the most promising directions first, it efficiently
balances exploration and optimality. As a result, the algorithm consistently returns near-
optimal paths with limited computation, even as the structure grows. Its effectiveness has
already been validated in earlier iterations of this project [17, 161].
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4.5.4 Robotic Assembly Simulation
Digital Twin for Live Simulation:

To monitor and validate the robotic assembly process in real time, we developed a digital
twin environment that mirrors the simulated robot’s actions on the physical hardware. Path
planning outputs are executed in the simulation and simultaneously relayed to the robot via
a Python middleware layer, using WebSocket communication over Wi-Fi. This architecture
offers several key benefits:

1. Allows real-time updates during construction, enabling small-scale corrections in po-
sition or trajectory.

2. Provides live mapping of the robot’s state and the evolving structure.

3. Offloads computation entirely to the simulation side, reducing the computational re-
sources needed on the robot side.

This tool is used within the pipeline to align the simulation with the hardware using the
data flow presented in 4.5.4, with all elements generated directly from the target structure.
Nevertheless, it can also be used as a standalone application, allowing the user to manually
place every element of the simulation (voxelized environment, robots, feeds, voxels to build)
and subsequently link the configuration to the hardware. An example is presented in Figure
4-5.

Support Stairs MILAbot

e
.

Simulation Overview Voxel Feed Target Structure

Figure 4-4: Simulation overview illustrating the four main elements: MILAbot, support
stairs, voxel feed, and target structure.



Data Flow and Feedback:

The system operates using a feed-forward architecture: voxelization, build sequencing, and
path planning are executed sequentially within the simulation environment. The resulting
movement instructions are transmitted from the digital twin to the physcial robot— the
Modular Inchworm Lattice Assembler robot (MILAbot)— via a Python bridge, which con-
verts high-level actions into low-level joint target values using WebSocket communication.
Simultaneously, the robot streams back its current joint states (see Figure 4-5). If a devia-
tion from the expected pose is detected, a realignment sequence is triggered. This involves
returning to the last valid position and re-approaching the target slowly to ensure accurate
alignment without requiring full re-planning.

Movements Joint Values

Websocket /m
Middleware Robot Firmware
(Python Bridge) (low level control)
Path Planning Translate & Relay Execute & feedback

Digital Twin MiLAbot

Figure 4-5: Top: Data flow from web-based simulation to MILAbot through middleware.
Bottom: Digital twin synchronized with physical execution.

4.6 Hardware Implementation

In this section, we discuss the hardware implementation of the voxel assembly system,
covering the voxel design, manufacturing, and performance, as well as the robotic system
design and operation.
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4.6.1 Material System

Our material system uses self-aligning compounded octet lattice blocks to create interlocking
structures. In this work, we produce these lattice blocks in polylactic acid (PLA) through
FFF 3D printing. We use FFF 3D printing because of its ability to easily handle complex
geometries at a low cost and a reasonable speed. However, we envision that for future
versions of this system, the compounded blocks might be further broken down into separate
voxels, such as in [72], or individual faces, such as in [91], [161], or [95], so that they can
be mass-manufactured from higher performance materials, such as GFRP in [91], CFRP in
[71] or aluminum in [162].

To improve the printability of the voxels, we add flanges to support the large overhanging
regions during printing, as done in [111]. The flanges enable clean print quality without
the use of supports, enabling more efficient material usage as well as improved absolute
mechanical properties of the voxel block. However, the flanges are not intrinsically necessary,
and it possible to print the lattice in its unmodified form. We printed the compounded
voxels in different overall sizes depending on printer availabilty and print bed-size, and if
necessary, later laterally pre-assemble them with printed snap clips. A representative 4x2x2
compounded block is shown in Fig.4-6.

Voxel blocks are vertically connected using a screw-released snap fit connector. The snap fit
consists of three parts: a set of pincers that by default sit too wide to engage with a voxel
below it, a screw (in this case an M4 8 mm long socket head screw) to fasten it directly
into the base of a voxel, and a screw hat, which acts as a spacer to push the legs of snap
pincers out, so that they can engage with the voxels below (these are shown in Fig.4-6).
The snap fit connectors are installed into the lowest octets of the printed voxels. The act
of fastening the M4 screw then forces the pincers into the correct state, such that the voxel
block can snap into one below it. To uninstall the connector, the M4 screw can be removed,
which released the snap fit, allowing the block to removed. Though this is currently done
manually, future versions of the robotic system could include an end effector for unscrewing
the connectors.

So that the voxels sit on a flat surface, we additionally produced base-layer voxel blocks
that consist of the upper half of the standard block. These are added onto the protruding
octets to create a flat base layer without adding extra height to the system.

4.6.2 Assembly Robots

We introduce the Modular Inchworm Lattice Assembler robot, or MILAbot. As in prior
voxel assembly robot systems, such as [161], [137], [89], the primary objective of the MI-
LAbot design is to enable scalable voxel assembly with a system that can locomote over and
assemble load-bearing discrete lattice structures. Looking toward scaling to the assembly
of larger structures, the MILADbot is designed to increase assembly throughput while min-
imizing overall system cost and complexity. Additionally, the MILAbot is designed with
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Figure 4-6: (Top) A 4x2x2 block of FFF printed PLA octet lattice with printability features
added. (Bottom) Screw-release snap fit used for vertical connections.
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eventual self-assembly in mind, that is, a starter MILAbot should be able to assemble more
MILAbots, to autonomously improve efficiency as described in [17] and [165].

144:1 reduced
gimbal motor-based
actuator module

Passive modules for
geometry adjustment

Reversible low-melt
solder joint plate for
power and data
transmission

Voxel carriers (x3)

Gripper feet

Figure 4-7: The Modular Inchworm Lattice Assembler robot (MILAbot) consists of four
primary module types: actuated joints, passive spacers, gripper feet, and voxel carriers.

The MILAbot is made from four primary module types: actuated joints, passive spacers,
gripper feet, and voxel carriers as showm in Fig.4-7. These modules are arranged in a
configuration similar to a five degree of freedom robot arm, with grippers on both ends,
and three voxel carriers on one side. Toward eventual robotic-self assembly, the modules
are capped by incoming- and outgoing- PCBs on either side that use a heating circuit to
reflow low-melt solder between modules, forming a simultaneous eletrical and mechanical
connection, such as in [161], though this is not a focus of this work. The robot modules each
have their own microcontroller, which are all networked over an 12C bus [4], with a WiFi-
enabled microcontroller acting as the primary microcontroller on the bus. We typically run
the robot at 14V, but the electronics are designed to handle up to 24V.

The actuator modules are built around a GM3506 gimbal motor, a small brushless DC
motor. We use a two stage 3D printed reduction consisting of a 1:36 split ring planetary
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Figure 4-8: (Top) A cutaway view of the motor module design, which is based on a BLDC
motor with two stages of reduction, feedback on the output shaft, and a voxel frame to
enable module manipulation by another robot. (Bottom) A complete motor module, with
incoming and outgoing PCB attachment plates.
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followed by a 1:4 spur gear reduction, which has the added benefit of moving the output
shaft off from the motor shaft, allowing us to more easily track the position of the output
shaft. The total reduction is then 1:144. The module is fabricated from a mix of 3D printed
polycarbonate, for its temperature resistance, and aluminum plates. The module controller
board uses an Adafruit M4 Express (SAMD51) as the micronctroller, a DRV8316 for motor
control, and two AS5407 magnetic encoders for motor and output shaft feedback. Motor
control is done using SimpleFOC [160]. Each module weighs approximately 400g and can
output approximately 10-15 Nm before failure.

Opened Closed

Figure 4-9: The operation of both gripper types in the MILAbot. (Top) The structure
gripper, (bottom) the voxel payload gripper(s).

The MILAbot uses two voxel gripper types. The first type adheres the robot to the structure,
and the second type carries a voxel payload. The operation of both types is shown in Fig.4-
9. The gripper feet are designed to step in the middle of a 2x2x1 grid of voxels, which
introduces some constraints on where the robot can locomote. Its relatively larger size
affords the robot greater stability and helps to distribute the load of the robot’s locomotion
over a larger area on the voxels. Each gripper foot is actuated using a FeeTech FS117 hobby
servo, which retracts and extends a set of aluminum gripping features underneath the upper
corner nodes of some voxels.

Because the voxel carrier grippers do not need to support a significant load, they are de-
signed to be smaller and lighter, using Miuzei MG90s micro servos to open and close a petal
feature, modeled after the grippers used in [89] and [17]. To maximize the carrying capacity
of the robot without significantly impacting its maneuverability, we use three per robot in-
stalled on one leg (though the robot could physically support installing an additional three
voxel carriers on the other leg, this would cause significant collision issues for any non-flat
structure).

Both grippers are designed with large alignment features. In the case of the gripper feet,
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Figure 4-10: Picking up and passing a voxel block from one robot to another.

these match the alignment features of the voxel blocks themselves, while the voxel carriers
use a smaller petal shape. The combination of these mechanical alignment features in the
robot and in the underlying structure means that we are able to achieve relatively precise
robot and voxel placement without high-performance robots (i.e. the robots have minimal
feedback and a lot of compliance).

An example of this is shown in Fig.4-10, where two robots pass a voxel block to each other.
The two robots approach the target voxel (gray), and one steps onto it and lifts to remove it
(the voxel is not constrained with snaps in this case). The other robot then steps forward,
re-indexing its position on the lattice. Because the voxel carriers are placed on the robot at
a multiple of the lattice pitch, this places the second robot at a "known” location for the
robot carrying the other voxel, which only needs to then move into that position, with the
alignment petals proving fine alignment. The second robot then grips the voxel while the
first lets go and retracts.

The robot relies on the ability of the voxels to correct large placement errors to install
new blocks simply by dropping them into place and then stepping on them to engage the
snap fits. This process is shown in Fig. 4-11, where a robot carrying two voxels steps
into position, swings the back leg forward and rotates it to place the correct voxel in the
appropriate pre-placement position, drops the voxel, returns the back leg backwards, steps
forward once, and then stomps on the voxel to engage it, forming a sturdy connection.

4.7 Evaluation

In this section, we evaluate the performance of the presented system through a set of assem-
bly demonstrations, the throughput and fidelity of the mechanical system, the mechanical
efficiency of the lattice type, and general robotic performance metrics.
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Figure 4-11: An example voxel installation sequence. 1) The robot is in pre-placement
position. 2) The robot steps into the placement position and 3) drops the voxel roughly
into place, before 4) retracting, and then 5) taking a step forward. 6) The robot stomps
the new voxel to engage the snap fit connection.
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4.7.1 Assembly Demonstrations

We use the complete workflow to demonstrate robotic assembly of basic structures using
one and two robots.

Single Robot Assembly

First, we use a single robot to assemble a 4x4x4 voxel block. We voxelize the structure into
four 4x2x2 blocks, the largest compounded size our system currently accommodates. This
way, the robot only needs make four placements, in contrast to prior approaches to voxel
assembly, which would have required 64 voxel placements for the equivalent structure. A
condensed version of the assembly sequence is shown in Fig. 4-12. The robot carries two
blocks at once, as the minimum amount of trips it can make for this structure is two (either
two voxels twice, or three voxels and one voxel once). The first two voxels are placed
oriented toward the camera plane, while the second two are placed parallel to it, resulting
in a fully connected structure.

Next, each robot assembles its support staircase for the bench example, as previously shown
in Fig.4-1 and Fig.4-4. Freeze frames from the build sequence are shown in Fig.4-13. The
build process for the stair case is similar to that of the cube, but at the end, we demonstrate
a small overhang with this structure that is able to support the weight of the assembler
robot on it. Overhangs, or first layers, both require staggered voxel blocks to achieve. This
can be done either by layer shifting a 2-voxel tall stack, or by attaching base-plate voxels at
a stagger, as done here. The offset provides alignment features for the next block placement
and braces the newly installed voxel against the existing structure, especially during the
drop-to-place procedure.

Double Robot Assembly

Because each robot has its own voxel feed in our workflow, most multi-robot structure as-
sembly is identical to single robot assembly, up until the point at which the structures meet.
The joining of separate build fronts, or unlinked structures, is not something considered by
any of the prior voxel assembly systems, but is likely a critical feature for scaling these
systems up.

In this example, the two robots finish the assembly of the bench by filling in the base of
the seat (see Fig.4-14 for reference). One robot drops a voxel block into the empty space,
and then steps on it to align it and the structure. The second robot then installs its voxel
into the remaining space. This is possible because the alignment features on the voxels are
permissive of a fairly large amount of error, the error is larger than the voxels, and the
structure is able to slightly slide and deform. We cannot always guarantee that this will
be the case, so for joining build fronts, it is likely necessary to consider alternative voxel
types, such as ones that are slightly undersized or compliant, to account for the potential
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Figure 4-12: Assembly of a 4x4x4 voxel block using a set of four compounded blocks, carried
two at a time.
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Figure 4-14: Two robots assembling a bench together.
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misfit. However, even though this is not a reliable method for joining a voxel seam, this
block placement is taken to be infeasible in the prior planning systems for voxel assembly
[71], [161], [89].

After installing the base of the bench, the two robots install the back of the seat. These
two voxels are necessarily installed simultaneously, as to avoid collisions in the placement.
Though for a small structure with only two robots, keeping synchronicity (or restoring it
if lost) is not difficult, as the system scales to larger robot counts, it may be necessary
to consider additional methods for synchronizing the movements of all robots at critical
junctures, without needing to run the entire system at the pace of the slowest robot. Or,
the methodology for voxel placement could be revisited, to consider more sophisticated
obstacle avoidance, depending on the build state of the structure.

Once completed, the bench is removed from the support staircase, where the path planning
has left a seam. The completed bench is then directly usable, as the voxels have decent me-
chanical performance, which is further discussed in Section 6.3. We qualitatively evaluated
the bench by having two people sit on it, as shown in Fig.4-15. The bench supports this
weight, though the overall design is a bit small for comfort— luckily, the voxels support
disassembly and reassembly, so we can change the design.

\

Y
.\

Figure 4-15: The assembled bench supports two people.

4.7.2 Throughput and Fidelity

As shown in Figure 4-16, we assess the performance of different voxelization strategies
by analyzing the trade-off between the number of voxels that make up the structure and
geometric precision across various mesh types. The geometric precision can be defined as:

precision = Nyogel * V;)Oazel/vmesh (42)

101



Where nyozer is the number of unit voxel with V¢ being the volume of one unit voxel and
Vimesn the volume of the input mesh.

The left panel shows how larger voxel patterns drastically reduce the number of elements
required but come with a loss in precision. The right panel highlights this trade-off by
plotting precision as a function of voxel count. Patterns like 2x3x1 and 2x2x1 achieve a
good balance, while the hierarchical combination offers a compelling middle ground with
high precision and low voxel count.
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Figure 4-16: Evaluating voxel pattern efficiency— hierarchical combination outperforms any
single voxel type by breaking the linear trade-off between voxel size and precision. (Top:
Voxel count and precision decrease linearly with increasing voxel size when voxelizing meter-
scale meshes. Bottom: Precision as a function of voxel count, highlighting the benefits of
the hierarchical combination.)

Figure 4-17 highlights two key components to accelerate construction: increasing the num-
ber of robots and improving the voxel carrying strategy. On the top row, simulation snap-
shots show how multiple robots parallelize the construction of a 16x16x16 cube, reducing
total build time. While the benefit is clear, the speed-up is not exactly proportional to the
robot quantity due to each robot building its own support stairs independently, without
sharing intermediate infrastructure.

The graph on the bottom left shows that construction time increases exponentially with
structure size, but adding robots significantly flattens the curve. On the bottom right,
we analyze the impact of voxel carrying capacity. Carrying multiple small voxels per trip
already provides notable gains, but the greatest efficiency comes from transporting larger
compound blocks (e.g., 4x2x2). This confirms that both scaling the number of robots and
optimizing carried voxel configuration are critical for improving overall build throughput.
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Figure 4-17: Impact of robot quantity and voxel carrying strategy on build time. (Top)
Simulation snapshots of cubes of decreasing size (16x16x16, 8x8x8, and 4x4x4 voxels).
(Bottom Left) Estimated build time as a function of cube size and number of robots.
(Bottom Right) Time required to build the same structure depending on the number or
size of voxels carried per trip. These graphs motivate the use of a larger robot fleet for
assembling large structures, as they show a substantial decrease in assembly time. They
also highlight the importance of maximizing robot payload, with each robot ideally carrying
three 4x4x2 voxels rather than operating below full capacity.

4.7.3 Hardware Performance

Because other robotically assembled discrete lattices have been demonstrated, we can com-
pare the performance of our system against those in literature. First, we consider the me-
chanical performance of the modified octet lattice we use. In evaluating this performance,
we consider the version of the lattice presented here to be a proof-of-concept demonstration,
and the comparisons below to indicate, generally if the design decisions we have made are
in desirable directions. Because of the anisotropy in FFF printed parts, the robustness of
our voxel system can be low, and we do not perform a full mechanical characterization of
the voxels under tensile and bending loads. Further, the overall interplay between vertically
interconnected blocks under various loads is also still unknown, and beyond the scope of
the current work.

To determine the behavior of the lattice under compressive loads, we tested a single unit
cell, a 2x2x2 lattice block, and a 3x3x3 lattice block on an Instron 4411 with a 5kIN load
cell for the single unit at the 2x2x2, and on an Instron 5985 with a 250kN load cell for the
3x3x3 at a compression rate of 10 mm/min. The results of this testing are summarized in
Table 4.1. The lattices demonstrate good strength and stiffness at a reasonable weight (the
average density of the lattice is 81.85 kg/m?). Under compression, the lattices can support
very high loads— the 2x2x2 block reached a maximum load of 3445N, which is about 2,220x
its own weight, while the 3x3x3 block reached a maximum load of 8712N, which is about
the load exerted by the weight of an average cow.
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We can determine the mechanical efficiency of the lattice by looking at how its compressive
modulus and density scale relative to the bulk material it is made from. The relative
compressive modulus is given by E/FE, where E is the compressive modulus of the lattice
and Fj is the compressive modulus of the bulk material. Similarly, relative density is given
as p/ps, where p is the density of the lattice and py is the density of the bulk material. Ideal
stretch dominated behavior, that is, the most efficient scaling of modulus with density, is
given by linear scaling E//p. However, this is generally considered inaccessible [156]. Instead,
ideal bending dominated behavior is given by quadratic scaling E/2/p, while below E'/3/p
is accessible via foams. So, the target for the structural efficiency of an architected lattice
is to surpass the quadratic scaling for its bulk material.

We plot a comparison of the relative compressive modulus and relative density for this
work, as well as the other discrete lattice assembly systems: [71], [161], and [89]. Both this
work and [71] achieve stretch dominated behavior, indicating efficient and desirable material
usage. Note that [89] does not provide mechanical testing data; this is instead estimated
using an ideal beam simulation of the presented lattice using the reported parameters and
materials. Additionally [89] uses a non-structural magnetic joint, but for this comparison
we disregard that.

We can additionally compare the assembly throughput and system cost for these systems.
We use the reported volumetric assembly throughput for each system, with the exception
of [71], in which their reported throughput is for a hundred voxel structure, and so is an
underestimate of the speed of the system as compared to the systems in [89] and [161]
which only demonstrate assembly of tens of voxels. Instead, we draw an average from the
installation time per voxel for the first 15 voxels in their structure, to better align with the
data we have here, resulting in a much higher throughput estimate than what they report.

We find that our volumetric assembly throughput is 4,394,000 mm? /min for a single robot
carrying two blocks of 4x2x2 voxels, as compared to 2,700,000 mm?/min for [71], 751,879
mm?/min for [89], and 343,281 mm?/min for [161]. Our higher volumetric throughput is
owed to two main factors: we can carry multiple blocks of compounded voxels while moving
at a comparable speed to [89], and unlike [71] the current implementation requires minimal
installation/fastening time. This result indicates that we likely have budget to increase the
time spent per voxel (such as by implementing a different connection system) while still
staying competitive in volumetric throughput.

We additionally compare these results against the cost of each robotic system. For [161] and
[89] these values are taken from their reported bills of materials, while for [71] we estimate
the cost based on the components reported in [137], where the current figure is based on
doubling the cost of the actuation system for one inchworm robot, to account for the need
for both a carrying robot and an installing robot, with an additional $300 added as a low-end
estimate for the cost of the third robot, as well as all of non-actuation components in the
inchworm robots. Interestingly, there is a relatively linear relationship between system cost
and assembly throughput for the prior single-voxel based systems, which this work sidesteps
via implementing hierarchical material handling in an otherwise very simple robot.
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Figure 4-18: A comparison of the relative compressive modulus (voxel modulus divided by
bulk material modulus) and the relative density (voxel density divided by bulk density)
for robotically assembled discrete lattices. This work achieves stretch dominated behavior,
demonstrating material efficiency relative prior robotically assembled voxel systems.
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Table 4.1: Summary of mechanical properties for different voxel block sizes
Ix1x1l 2x2x2 3x3x3
Stiffness [N/mm)] 949 2278 4868

Maximum load [IN] 602 3445 8712
Compressive Modulus [MPa]  14.6 17.5 24.9
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Figure 4-19: A comparison of the volumetric throughput for different voxel assembly systems
for low voxel count structures, against the cost of the minimal robotic assembly unit. This
work achieves the highest throughput at the second lowest cost.

4.8 Future Work and Limitations

4.8.1 Voxelization

While our voxelization algorithm proved sufficient to demonstrate the feasibility of a com-
plete robotic assembly pipeline across a defined set of structures, it remains limited in its
generalizability and is sensitive to variations in input geometry. In future work, we plan to
explore more robust and generalizable approaches. This includes developing enhanced rule-
based algorithms inspired by an octree subdivision approach as developed in [17], which
remain fully discrete and deterministic, as well as investigating learning-based methods,
such as those proposed in [148], that leverage the power of large language model to Gen-
erate physically stable and buildable LEGO®) structures. Incorporating a structure-aware
strategy that accounts for physical constraints and evolving geometry could significantly
improve the reliability and feasibility of voxel placement over time. And would extend the
buildable structure to the one presented in Figure 4-20. Future work will also explore gen-
erating input geometries based on desired performance, such by integrating the system in
[107], or verifying structural performance, such as through built in FEA, as in [162].
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Figure 4-20: Comparison of infeasible (left) and feasible (right) structures due to local
connectivity constraints.

4.8.2 Feeder Management

As discussed in Section 4.5.2, in the current setup, each robot is paired with a unique Feed
location, allowing independent operation. This constraint simplifies coordination, but limits
scalability and task flexibility. Future work will explore decoupling the number of robots
from the number of sources, enabling more dynamic task allocation. Related work [17] has
demonstrated that shared and flexible sourcing strategies can significantly improve resource
utilization and system throughput.

Additionally, in the current system, we manually feed voxels to the robot. In a fully auto-
mated set up, this would be accomplished using e.g. conveyor belt to deliver voxels from
their manufactured or stored location to the robots.

4.8.3 Robot Control

As the system scales to multiple robots, hardware variability is expected to introduce dif-
ferences in kinematics and precision. To ensure consistent behavior across platforms, we
plan to develop a more adaptable control system with integrated per-robot calibration.
This includes implementing a tunable inverse kinematics (IK) model, allowing each robot
to compensate for mechanical deviations and maintain precise control during assembly.

Additionally, to fully realize voxel reconfiguration, the robots will need to eventually be able
to disassemble voxel structures, which will require both additions to the robotic hardware as
well as the path-planning tool. Eventually, we hope to be able to fully support the arbitrary
disassembly and reconfiguration of a voxel structure using this system.

4.8.4 Voxel Material

We use FFF printed voxel blocks in this work primarily because they are readily accessible
and offer high performance along some loading directions. However, the anisotropies inher-
ent in FFF plastic printing likely preclude its use for many practical applications, so future
work will focus on developing alternate methods for pre-building the voxel blocks, such
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as through injection molded faces assembled together [91] or formed metallic facets [152].
Additionally, [162], [42], and [174] present electrically active voxel systems, which could be
integrated with this system in the future. Additionally, the system is likely mechanically
anisotropic, and in future work we plan to develop additional tools simulated structure
behavior, as well as more fully characterize the material system under bending and tensile
loads.

4.9 Conclusion

This work demonstrates a novel approach to scalable digital fabrication through the inte-
gration of architected lattice blocks, modular mobile robots, and a live digital twin system
for coordinated assembly. By leveraging the strengths of small-scale digital fabrication to
produce complex interlocking components, and combining them with simple, mobile robots
capable of relative traversal and block placement, we enable the construction of meter-scale
structures with reduced system complexity and cost. The hierarchical voxelization strategy,
modular assembly robot design, and real-time simulation interface collectively contribute
to a flexible and scalable assembly pipeline. Our validation of the system through the
successful fabrication of meter-scale structures highlights its potential for broader applica-
tion, such as for architecture, infrastructure, or in-space assembly and manufacturing. This
work establishes groundwork for further exploring multi-robot collaboration in hardware,
the interplay between structural robotic systems, and, eventually, hierarchical and recursive
robotic assembly.
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Chapter 5

Sustainability and Economics of
Voxel Assembly for Construction

The work in this chapter appears in part in the publication ”Comparative Evaluation of
Robotically Assembled Discrete Lattice Systems for Sustainable Construction” and was co-
written with my collaborators Alfonso Parra Rubio and Paul Richard. This was published
in Automation in Construction in 2026.

5.1 Abstract

Additive manufacturing could improve the sustainability and efficiency of building con-
struction, but current methods fall short. Continuous methods, such as 3-D printing,
face challenges in error-correction, structural integrity, and accessible build volume, while
assembly-based approaches typically require high mechanical precision, leading to costly
and complex machines or off-site fabrication. This paper proposes robotically assembled
discrete architected lattices, or voxels, as an in-situ construction method with low environ-
mental impact and competitive speed and cost. Voxel-based structures can be scalably and
incrementally assembled using distributed low-cost robots. The performance of multiple
voxel types is compared against 3-D printed concrete, precast modular concrete, concrete
masonry units, steel framing, and stick framing for a simplified 1-story building. The re-
sults indicate voxel-based systems can reduce embodied carbon by up to 76-82% relative to
3-D printed concrete, with competitive cost and construction timelines, demonstrating the
potential of distributed building-block assembly as a sustainable route to automated in-situ
construction.
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5.2 Introduction

The construction industry drives 38% of global greenhouse gas emissions in energy [22],
a significant problem, especially since construction demand is projected to continue to
increase [54]. Digital fabrication has been proposed as a potential approach to mitigate the
environmental impacts of construction by enabling more material-efficient designs with more
diverse materials [66], while also improving the overall efficiency of construction, which is
currently low [175] [37]. Although digital fabrication methods offer promise for improving
the sustainability and efficiency of manufacturing in other fields, such as aerospace [99],
they face additional challenges for building construction due to large structure sizes and
variable building environments [187]. Managing the competing needs to balance precision
and assembly throughput over large distances in relatively unstructured environments has
led towards automation methods that are often large, complex, and expensive [122]. These
systems rely on either very large machines, such as with concrete 3D printers [181], or
repurposed industrial robot arms, such as in [172], to manage error accumulation, and
handle heavy loads, but these fairly complex and inflexible automation systems introduce
additional challenges that can inhibit broad adoption [122]. At the same time, while research
in distributed robotic systems has demonstrated the ability to build large structures with
relatively simple robots, many of these systems do not seriously consider how they might
scale to practical real world building scenarios. In this work, we evaluate the feasibility
of robotically assembled discrete lattices as an alternative approach to on-site building
construction.

Our proposed approach is to use robotically assembled blocks of architected lattice mate-
rial to form a material-efficient, robust, and automated building process for the structural
elements of a building. Architected lattices are a method to achieve efficiently distributed
mass in a given structure [156], similar to truss structures commonly used for the construc-
tion of bridges or space frames. To apply these systems beyond the micro- or macro-scale,
a regular lattice can be decomposed into repeating unit cells, or voxels, which can then be
assembled into much larger structures, maintaining the advantageous properties of the basic
architected lattice geometry [46]. Recent work has demonstrated the robotic assembly of
meter-scale load bearing voxel structures [71], while other recent work in [67] evaluated the
use of voxels in a load-bearing wall versus other construction methods, demonstrating lower
embodied emissions for the voxel approach. These results indicate potential promise toward
using a voxel-based approach for building construction, where robotic voxel assembly could
offer the following:

e Material efficiency and sustainability benefits due to voxel structural performance

e Reliable building tolerances through continuous error-correction during the incremen-
tal assembly process

e Efficient scalability through increasing robot quantities

e Low capital costs as the co-design of the robots and voxels enables a simpler robotic
system
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e A future route to fully reconfigurable structures

In this work, we project the performance of voxel-based building strategies against existing
construction methods for a simplified one-story building. Based on the existing literature,
we evaluated the mechanical performance and sustainability of eight voxel types, and we
also designed and manufactured a new set of three voxel types compatible with robotic
assembly. Using these, we evaluated the throughput and cost of a mobile robotic assembly
system in hardware, to determine realistic time and cost estimates for voxel-based con-
struction approaches. We compare these results against the performance of 3D concrete
printing, precast modular concrete, concrete masonry units, cold-formed steel framing, and
stick framing, across three main metrics: embodied carbon, material and fabrication cost,
and building time. From this comparative study, we find that voxel approaches have the
potential to reduce greenhouse gas emissions, cost, and assembly speed compared to existing
construction approaches; however, the choice of lattice type, manufacturing process, and
base material is critical to achieve any potential benefits. Our primary contribution is the
evaluation of the efficiency of a robotically assembled voxel building system for construction
in terms of sustainability, cost, and speed.

5.3 Background

In this section, we discuss current popular approaches to automating large-scale fabrication.
We cover continuous extrusion-based processes, such as concrete 3D printing, and assembly-
based processes using both static machines and distributed robotics.

5.3.1 3D Printing Systems

Of the continuous extrusion processes, 3D concrete printing, or 3DCP, currently commands
the most research attention [115]. Multiple buildings have been demonstrated with this
methodology, including multi-story buildings [56] and commercially available housing devel-
opments [60]. In a 3DCP system, a concrete mixture typically consisting of Portland cement
and sand is extruded in layers, either through a gantry system or an industrial arm [187].
However, this approach faces many challenges. From a sustainability perspective, material
savings promised by the freedom of additive manufacturing are often not realized or are
minimal [16], and the composition of the concrete used is typically more carbon-intensive
than traditional concrete [30]. Although some studies have shown that 3DCP buildings
have lower embodied carbon values compared to standard reinforced concrete buildings
[16], [30], this is derived in large part from the lack of steel reinforcement, negatively af-
fecting structural performance. Besides, this contrasts with the predominant commercial
use of this technology, which uses the 3D printed structure primarily as a stay-in-place
formwork for traditional reinforced concrete [97], [34], which results in worse sustainability
outcomes because of the inefficient use of material. Additionally, many concrete printing
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blends have higher embodied greenhouse gas emissions because of the higher cement and
additive concrete blends needed for printability [67].

Beyond these issues, concrete structures cannot be non-destructively changed, such as run-
ning new utilities through a building or changing interior wall layouts, and the material
cannot be meaningfully recycled [52]. Although concrete structures in general are often
cited for their durability [166], due to challenges in material formulation and inter-layer
bonding, these benefits may not fully extend to current 3DCP approaches [128]. And,
though there is currently research on methods for reinforcing extruded concrete, such as
[118], these still face significant challenges before deployment, which limits the application
of 3-D printing primarily to compression-only components. Even then, it is common for
3DCP to simply be used as formwork for standard reinforced concrete [34], further lowering
the value proposition of the system.

Due to these challenges, there is active work on printing with more sustainable materi-
als, such as with earthen mixtures [52]. WASP, for example, has demonstrated multiple
buildings printed using a locally produced earth mixture [12]. This work is still limited by
the lack of reinforcement, resulting in materials-intensive buildings, which can negate some
sustainability benefits [52]. Unlike standard concrete, these structures offer the potential
for recycling the base building material, leading to a more circular lifespan [52].

Various other projects have explored printing beyond cementitious materials, such as plas-
tics and metals. [5] has demonstrated a bio-based polymer single-story house for research
purposes, while [145] has demonstrated multiple spanning pedestrian bridges made of ther-
moplastic. [8] has demonstrated off-site printed truss lattices for multiple architecture-scale
pavilions, sculptures, and cladding. Additionally, [10] demonstrated a 3-D printed welded
steel pedestrian bridge, and on a similar scale, 3-D printed metal rocket parts have been
demonstrated [6]. In particular, in these projects, the fabrication of the structure is done
off-site and later delivered to the site. This is done as the complete structure, in the case
of [10], or as large modules, as in [145], which are then installed in situ. This represents
a similar workflow to prefabricated modular building units, but without the benefits of
mass-production [114].

5.3.2 Assembly-Based Approaches

Other large-scale construction platforms have explored assembly-based approaches. Brick-
laying has been automated by multiple groups, such as [11], which uses a robot arm on
a mobile base to place clay bricks, or [13], which uses a telescopic 32-meter robotic arm
to place mortar-less concrete masonry units (CMUs). Timber frame assembly has been
explored using mobile robots as well as fixed gantry style assembly, such as in [59], [124],
and has been commercially deployed by [9] for load-bearing framing. More uncommon ma-
terial systems have also been demonstrated, such as filament winding in [38]. Although
these projects avoid the challenges of concrete deposition, they are still limited by either
the need for high human intervention, an extremely well-defined build area, or highly ex-
pensive machines. These limitations stem from the challenges of maintaining accuracy over
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building-scale sizes— that is, error in the placement of a single element, such as a brick,
impacts future placements and compounds on any prior errors.

Across these approaches, there is additionally a clear challenge in scaling beyond one- to
two-story buildings, in that the operating envelope of the building system limits the ultimate
size of the assembled structure. Beyond simply building vertically, these approaches would
also face challenges in any project with an overall large footprint, especially for buildings
or structures in difficult to access areas that cannot support large machines, such as for
infrastructure development [123]. This is especially true for gantry girder systems, which are
typical of current commercial demonstrations of 3DCP. Though this issue can be partially
mitigated by using an industrial arm on a mobile base, or by moving the anchoring of a
gantry printer, this presents multiple challenges of path planning and re-indexing position
[182], which has so far limited the performance of this type of system.

Prefabrication of larger modules also presents an opportunity to leverage digital fabrication
or manufacturing processes on the construction site. Fully prefabricated housing modules,
such as [47], have existed on the market for some time, but are limited in their ability
to be customized and easily transported. Panel-based approaches alleviate many of these
challenges, and are available in a range of material types and applications. Pre-cast modular
concrete systems are relatively common for large commercial and industrial applications
and in smaller projects that do not require a high degree of customization, such as for
basement foundations [83]. Other methods, such as tilt-up slabs [170] or stay-in-place
insulated concrete formwork [85] also enable a form of overall increased automation. The
size and weight of these concrete systems can make installation difficult, and can make
attempts at automating these processes more difficult.

Wood-based modular systems are also common and avert some of the challenges of the mod-
ular concrete systems. These can span a wide range of finishes, complexities, and applica-
tions. At the simple end, structural insulated panels are common in residential construction
[127], while many companies provide more finished panel systems as well. Some of these
more directly leverage robotic control or digital fabrication in their production processes to
enable easier customization [109]. Using digital fabrication processes during the production
of these larger modular panels can additionally help enable future automation of their as-
sembly. [135] for example, explores using material-integrated assembly features to enable
automatic assembly via a heterogeneous robotic system toward high performance timber
buildings. By moving the production of these systems on site in structured environments,
these systems can further avoid challenges associated with transporting large structural
elements (and designing them to survive transport). This can be achieved through the
development of systems akin to microfactory modules [172].

Other approaches to automation on the construction site involve the direct automation
of existing equipment or processes for robotic operation. These approaches often address
specific subtasks of the construction project which potentially limits their ability to achieve
full autonomous function [122]. Commercial examples of these types of systems include [40]
for bulldozing, or robots for drywall hanging [43].
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5.3.3 Distributed Robotics

Distributed robotic construction systems have been demonstrated to build structures much
larger than the individual assembler itself [144]. In a distributed robotic construction sys-
tem, many mobile robots individually pick and place new material to build a structure,
and thus avoid constraints on the building envelope. Although various aerial drone systems
have been demonstrated, such as in [28] with foam bricks, [125] with cables, or [69] with
specially-designed concrete masonry, these face additional challenges in path planning, coor-
dination, and payload weight limits for flying systems. Alternatively, robots that locomote
over or through the structure are also common, such as [142] , where robots stack magnetic
bricks, [78] where micro-robots assemble carbon fiber trusses, or [112], where robots stack
wood framing. The performance of some of these systems may be improved by considering
how they can operate in conjunction with larger robotic systems, as more multi-scale and
heterogeneous robotic systems [135]. Examples of this include [159], which explores using
a relative robot to lay continuous filament into larger wood panels toward the architec-
tural scale, and [113] which explores using a robotic clamping system in conjunction with
industrial robot arms for architecture scale assembly demos in a lab environment.

Though many distributed robotic construction systems have been demonstrated, most of
these demonstrations are on a relatively small scale and have very limited mechanical per-
formance. However, some systems have demonstrated the ability to support spanning struc-
tures. Specifically, [161] and [71] demonstrate robotically assembled voxel systems that are
load-bearing. While [161] only demonstrates this for centimeter-scale objects, [71] demon-
strates a meter-scale structure assembled by a 3-robot team over several days.

5.3.4 Architected Lattices

Distributed robotic assembly of discrete elements faces an inherent challenge in terms of
balancing unit count, resolution, and structural integrity against each other. While using
smaller assembly units leads to better geometric resolution and lowered demands on the
robotic assembly system, this leads to a larger amount of units needed for a given structure,
and with that, a higher number of joints between units, which introduce further oppor-
tunities for assembly error and can reduce the overall strength and stiffness of the final
structure. For this work, we explore using discretely assembled architected lattices because
these systems are specifically designed around minimizing the impact of the joint systems
on the overall structure’s behavior.

Prior literature on architected lattices has established that these structures can achieve bet-
ter stiffness and strength scaling at light weights [46], though much of this prior work has
utilized micrometer to millimeter scale fabrication processes, such as two photon lithogra-
phy [184], which limits the application of these types of structures. However, the behavior
of these lattices is largely governed by their geometries, and so is relatively scale-agnostic.
This means that physically larger versions of these lattices assembled from discrete com-
ponents can achieve equivalent mechanical properties using scaled-up versions of the same
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geometries. This is demonstrated in [46], which used interlocking faces made from oriented
carbon fiber to form a node-connected octet lattice with lattice pitch on the order of tens of
millimeters. [46] demonstrated superior stiffness results in the ultra-lightweight regime com-
pared to continuously manufactured microlattices. Similarly, [72] demonstrates comparable
performance to hollow-tube metallic microlattices using injection molded fiber reinforced
plastic voxels with a 75 millimeter lattice pitch. Prior work has demonstrated comparable
or superior performance to continuously produced microlattices, such as the metallic and
polymer microlattices described in [157] or [184], while spanning a range of unit cell sizes
from 15 mm [95] to 300 mm [71]. These systems have been used to assemble structures on
the single meter scale, such as bridges [92], furniture [162], aerostructures [51], or vehicles
[91].

These macro-scale assembly-based architected lattices achieve equivalent behavior to their
continuously manufacturing micro-scale counterparts because in both cases the overall be-
havior is dominated by the lattice geometry, and not by the connectors between the discrete
components. This is achieved by carefully designing the connections such that they are
very stiff relative the beam elements, while adding minimal weight, which can be achieved
through a variety of connection types and materials through considering the overall load
path. [46] for example, interleaves the structural face components to constrain all but one
degree of freedom, with a secondarily installed clip acting as a shear constraint. [72] directly
transmits loads through the connectors, but uses steel screws and nuts, which are substan-
tially stiffer than the FRP beams, such that the overall behavior is dominated by the beam
geometry. These joints are also typically designed with mechanical alignment features that
enable a higher degree of alignment between components, such as the quasi-kinematic sur-
face features from [72], [92], or [71]. Larger assemblies additionally benefit from an elastic
averaging effect that lowers the overall error of the structure as well [94].

Most of the prior discrete architected lattice systems have been manually assembled, limiting
their overall applicability. However, the robotic systems in [161] and [71] are designed to
assemble load bearing architected lattices out of repeating unit cells, or voxels. The goal of
this is a building system where the assembler size is decoupled from the ultimate structure
size. Robots and voxels are designed to mechanically error-correct, so relatively simple
robots may be used to achieve precise assembly [89]. In this way, many of the challenges
associated with building in free space are circumvented, as the robot operates only within
the well-defined space of the voxels and relies significantly on mechanical alignment features
to navigate and locomote. The system presented in [71] , for example, manipulates blocks
at a similar size to the bricks in the commercial HadrianX [13] bricklayer system, but
can navigate and build without a real feedback system, while the HadrianX system is
built up around a proprietary large-scale multi-DoF stabilizer, similar to the robotic arm
on a crane system in [101]. Although these prior voxel assembly systems were primarily
developed for aerospace applications, they also have potential for building construction. [67]
adapted the voxel system from [91] for use with a partially bio-based resin reinforced with
recycled carbon fiber, and compared the resulting voxel’s performance against some existing
construction approaches, demonstrating a lower embodied carbon value. In this study, they
only consider a load-bearing wall and use a manually assembled voxel feedstock. However,
one of the main appeals of the voxel system is the potential ability to construct overhanging
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elements, such as roofs, using on-site using robots. So, there is still substantial space to
more thoroughly evaluate the performance of voxels for a construction application. These
prior results suggest that the assembly of voxels using relatively simple and cheap robots
may represent a mass-efficient (and therefore more sustainable) approach to construction
without requiring large machine or robotic systems.

5.4 Methods

We proceed to compare 3-D printed concrete, precast modular reinforced concrete, concrete
masonry units, cold-formed steel framing, and stick framing against multiple voxel-based
approaches for a simplified single-story structure. The construction consists of four walls
and a roof with length 10 m, width 5 m, and height 3 m, as shown in Figure 5-7. To achieve
a similar level of finish in each building approach, we add external and internal sheathing
to the framing and voxel based approaches. For each approach, we also add insulation for
equivalent thermal performance.

Based on these parameters and finishes, we generate estimates for material consumption,
fabrication time, overall cost, and embodied carbon for each of the building approaches.
We evaluate the embodied carbon using the kilograms of CO equivalents (COsze) for each
approach, considering the production of the raw material, the processing of the building
material, and the machine use in the construction process. The following subsections provide
a summary of each building approach as well as a description of the hardware developed for
this work. The embodied carbon and cost figures are provided in Table 5.3 in the Appendix.

5.4.1 Voxel Approaches

In this subsection, we assess the feasibility of using voxels to construct a building. We begin
by comparing the mechanical performance and sustainability of voxel designs reported in the
literature. We take results from this evaluation to inform the design of a new set of voxels
and a robotic assembly system. Finally, we describe the key parameters of the evaluated
voxels, the details of the newly developed designs, the robotic system, and the methods
used to derive the COgqe emissions, cost, and assembly times for each approach.

Voxel Types

We evaluated eleven types of voxels for their suitability for use in building construction;
eight of these are from the literature, and three are developed for this work. With the
exception of [67], much of the prior voxel research has focused on applications outside of
construction, so the systems are not necessarily optimized for the requirements of building
construction. Additionally, robotic assembly has not been demonstrated for the majority
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Figure 5-1: Summary of the considered voxel types, indicating lattice pitch in mm, base
material family, compressive modulus E in MPa, and density p in kg/m?3.

of the evaluated voxel types, except the voxels developed for this work and the voxels from
[71].

The evaluated voxels span several lattice types and multiple material and manufacturing
families. These are summarized in Figure 5-1, which additionally notes the lattice pitch in
millimeters of each voxel (that is, the side length of the bounding box around a single unit
cell of the lattice), its general material family, and its compressive modulus and density.
We provide a summary of the lattice geometries, materials, and manufacturing methods in
this section, while a detailed description of how the material costs and COse emissions were
found is available in 5.8 and summarized in Table 5.1.

Figure 5-1A shows a 2x2x2 block of node-connected octets from [72] made from polyether-
imide (PEI, brand name Ultem 2200) plastic with 20% glass fiber reinforcement. [72] ad-
ditionally developed a 50% carbon fiber version (RTP based) in the same geometry, which
is not pictured, but is considered in this work. Both are made via injection molding of the
entire octet cell. We refer to these as the ”GFRP node connected octet” and ” CFRP node
connected octet” hereafter.

Figure 5-1 B, C, and D are all face-connected cuboctahedra (”cuboct”). Figure 5-1B is
made of 30% glass reinforced nylon 66 (Zytel 70G33L). We refer to this voxel as the GFRP
cuboct. 5-1C is made from 50% carbon fiber reinforced nylon (Stat-tech NN), which we
refer to as the CFRP cuboct. Figure 5-1D (”bio-cuboct”) was developed in [67] as a more
sustainable version of the GFRP cuboct from [91], and is made from a partially bio-based
PTT with recycled carbon fiber reinforcement.
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Table 5.1: Summary of carbon intensity, specific modulus, unit cost, and cost relative to
compressive modulus of all voxel types.

Carbon Specific Unit Unit cost per

Voxel Type intensity modulus cost modulus
kgCOge/kg MPa/X% USD/kg USD/kg/MPa

Aluminum Cuboct (G) 30 0.78 14 0.58
GFRP Node-octet (A) 12 0.45 40 15.38
CFRP Node-octet (A) 19 1.37 172 21.58
GFRP Cuboct (B) 5 0.10 385 120.31
CFRP Cuboct (C) 13 0.11 79 71.82
Steel Kelvin (F) 4 0.23 13 0.38
Bio-Cuboct (D) 5 0.13 210 22.39
Expanded Miura (H) 9 0.45 28 0.56
PLA Octet (E) 3 0.30 22 0.88
Steel Octet (I) 2 1.09 7 0.06
Plywood Octet (J) 1 0.54 8 0.99

We evaluate three metals-based approaches from the literature. Figure 5-1F depicts a
reinforced Kelvin lattice made from laser-cut mild steel from [95]. We include this lattice
as an example lattice made from purely 2D components which does not consider efficient
material usage in its production. Figure 5-1G is of a reinforced aluminum cuboct lattice with
integrated electronics from [162]. We include this as an example of a structural voxel system
with integrated electronics, to help evaluate the feasibility of this approach for applications
that may benefit from electronics functionality. Figure 5-1H shows a discretely assembled
plate lattice from [139]. Unlike all of the other evaluated voxel approaches, this approach is
based on plate lattices, as opposed to truss lattices. The lattice is formed using an expanded
Miura pattern and made from folded aluminum-polypropylene sandwich material (Hylite,
0.2 mm thick aluminum on either side of a 0.8 mm thick PP core) cut on a large-format
CNC cutter.

For this work, we developed a new voxel geometry aimed towards easier robotic fabrication
that we produced using FFF-printed PLA, laser-cut mild steel, and laser-cut plywood. The
PLA version aims to facilitate prototyping, while the steel and plywood versions are aimed
at providing suitable mechanical performance using more traditional construction materials.
The PLA version is shown in Figure 5-1E, while the steel and wood versions are in 5-11 and
5-1J, respectively. These form an edge-connected octet lattice, and are discussed in more
depth in the following section.

Voxel Designs for Robotic Assembly

We developed the three voxels shown in Figure 5-1 E, I, and J for compatibility with robotic
assembly. The PLA octet is largely intended as a prototyping tool for convenient use to test

118



Edge-connected Extended unit cell Laterally pre-compounded voxel Voxel assembly with different pre-
octet unit cell for self-alignment block for robotic assembly compounded blocks highlighted

Figure 5-2: Modified edge-connected octet lattice for voxel design.
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Figure 5-3: Efficiently packable 2D decomposition of the extended edge octet unit cell.

the robots with, while the steel and plywood versions are intended as efficiently packed 2D
decompositions of the lattice more appropriate for potential future use in large structures.

This new design, intended for robotic assembly, exploits the geometry of semi-regular spatial
tilings to form structurally-active self-alignment features. Each face-connected cuboctahe-
dral cell can also be interpreted as face-centered cubic (FCC) octahedral voids. Figure 5-2
shows our approach using this property as a self-alignment mechanism: by shifting the FCC
octahedral void downward by half its height, we generate self-aligning legs for the building
blocks. From there, the unit cell is pre-compounded into larger blocks (such as the 2x4x1
block shown, or staggered block elements) that can then assemble into larger structures,
such as the 4x4x4 cube shown, with different pre-compounded elements highlighted in dif-
ferent colors. To facilitate faster robotic assembly, these extended fabrication unit cells are
pre-compounded into larger blocks, such as the 2x4x2 block shown in Figure 5-2, or into
staggered blocks, so that they can tile into arbitrary 3D shapes, forming a fully connected
structure.

The interlocking voxel geometry constrains every degree of freedom except for the installa-
tion direction. There are many possible options for constraining the final degree of freedom,
in this case the vertical connections, but for this design we use a snap fit connection at the
base of the extended octet, as shown in Figure 5-3. Lateral stability is provided by a com-
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bination of the nested octet as well as extended dove-tail features along the upper plane of
the voxel. This joint system is designed to enable a load-bearing connection without need-
ing the robot to access the connection plane or location, which improves assembly speed.
However, it is possible to use a variety of other options. For example, [71] uses a custom
symmetric rotational connector that is actuated by a robot internal to the lattice, while [72]
uses standard screws, [91] uses rivets, and [95] uses a shear clip. These joints are designed
such that their overall impact on the behavior of a lattice assembly is minimized, and this
nesting octet lattice decomposition enables loads to be effectively transmitted through the
structure despite partial connections between lattice blocks, which can seen in the bending
behavior of some of these assemblies, as shown in the Appendix 5.9.

The nesting octet-cuboct structure creates cascading envelopes of mechanical error correc-
tion that force newly placed voxel blocks into the correct position, with the overall error
governed by the manufacturing tolerances of the original lattice production method. In the
horizontal plane, the design permits errors up to § — 2 x ¢, where p is the lattice pitch, and
t is the beam thickness, assuming constant thickness beams throughout the voxel. For the
PLA voxel, this value is £25.5 mm, for the steel voxel it is +44 mm, and for the wood
voxel it is +£42 mm. Because the voxels can be compounded into blocks of different shapes,
the exact amount of permissible horizontal-plane angular error varies, but for these three
designs, errors within +9 degrees from the longitudinal pivot of the endpoint of this line
are allowed. These provide large boundaries within which voxel blocks can be successfully
and repeatably attached. Additionally, the simultaneous placement of multiple unit cells
at once, and as the structure gets larger, these voxel systems will benefit from an elastic
averaging effect that can overall reduce the error associated with a given build [92].

To facilitate easier fabrication, the designs of the plastic, steel, and plywood octets diverge
from the basic octet geometry. In the case of the PLA voxel, because it is FFF 3D printed,
flanges are added to the overhanging features to enable support-free printing. For the steel
and wood voxels, the faces are split into halves to enable better packing on sheet stock, as
shown in Figure 5-3. With this 2D decomposition, we are able to achieve a peak continuum
packing density of just under 45%. As this still represents significant material waste, a
potentially interesting avenue for future work would be to consider optimization methods
for adjusting the voxel decomposition to facilitate improved nesting density towards lower
embodied carbon values.

Robotic Assembly System

To make more accurate projections about the assembly speed, cost, and energy consump-
tion of a voxel-based construction approach, we developed a new mobile robotic assembler
system. Our robot is based on the inchworm-style paradigm used in [89], [161], and [71].
Our system, called the Modular Inchworm Lattice Assembler robot, or MILAbot, is a five-
degree-of-freedom robot that traverses a voxel structure using grippers on both ends, and
can deliver and place a voxel payload using three additional voxel grippers. The MILAbot
is shown in Figure 5-4 for reference.
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Figure 5-4: Inverse kinematics model and physical hardware of the modular inchworm
lattice assembler robot (or MILAbot).

The MILAbot operates by carrying larger compounded blocks of voxels and adding them to
the structure by dropping the blocks and engaging the snap-fit connection. Larger structures
are built up by staggering the blocks such that the entire structure is fully connected, while
the protruding octet, snap-connection, and dovetails provide stability under bending and
tensile loads, as discussed in the prior section. By building with pre-offset blocks, the
MILAbot is able to assemble first layers and overhangs. The intended workflow of this
system is that voxels are pre-compounded into larger blocks via an automated system and
then delivered to site where they are then assembled into larger structures by the MILAbots.
The development of an automated system for this pre-compounding is beyond the scope
of this work, but because this would occur in a controlled environment for relatively small
structures, we anticipate that it would be possible to leverage existing high DoF gantry
or robotic arm systems, which have been used to produce structures of similar or higher
complexity [36], [177], [169] in a similar manner to pre-production proposed in [172] or [135].

The MILAbot is controlled through a Web-based real-time digital twin simulation tool, as
shown in Figure 5-5A. Structures may be either imported as mesh geometries and then
voxelized, or may be designed by hand with a point and click interface. From there, robots
and voxel feeds are placed, and the structure is partitioned between the robots, and an
assembly sequence is determined. Partitioning is based on grouping the voxels based on
distance to a voxel feed, such that there is no overlap between different robot domains,
which innately prevents collisions. Once an assembly sequence is determined, robot paths
are determined based on a modified A* algorithm as described in [89] as this provides good
performance even over large structures. At each step, commands are streamed from the
digital twin to the physical robots over Wi-Fi. A more complete technical description of
the implementation and validation of this system is available in [163].

An example assembly sequence is shown in Figure 5-5. First, voxel blocks are manually
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Figure 5-5: Overview of the robotic assembly of a doorframe, showing the digital twin
control space and key frames of the assembly sequence.
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Figure 5-6: Example robotically-assembled meter-scale voxel builds.

fed to each robot. Then, the robots step forward and iteratively place new voxel blocks,
returning to the feed to pick up new blocks. In this sequence, the robots assemble a
doorframe flat on the ground, which we then tilt up, as shown in Figure 5-6. Note that
the fringes that are visible on the built doorframe are the result of using compounded voxel
blocks with extra voxels added on the sides to act as lateral stabilizers, as this assembly
demo was done on top of a cloth backdrop that we could not rigidly fix the voxel feeds or
any of the first layer voxels to. In a ”real” first layer build, this would not be necessary, as
we would anticipate that the first layer of voxels would be anchored a foundation.

We used the MILAbots to assemble a set of meter scale objects to determine the assembly
throughput of the system, as well as to better understand its limitations. The assembly
demos are shown in Figure 5-6. Based on these, we determined the average time per
movement of the robot as 9.5 seconds and the average power consumption as 13.3 W. We
additionally identified some key limitations of the hardware.
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The first significant limitation is that the robot is unable to climb vertically, which means
that it needs to build a support staircase or to assemble horizontally and then tilt up, as
in the case of the doorframe. This limits its ability to scale to larger structures, as the
footprint and assembly time for the stairs also grow increasingly large. So, we proposed
that a more scalable system might use a vertically actuated voxel feed, which engages with
the voxel structure equivalent to a pinion gear on a rack, similar to what is proposed in [44].
Although this is not yet implemented in hardware, we implemented it for the simulation
software to extrapolate assembly time estimates.

Next, our system currently uses manually fed voxels, which is also a significant limitation
on the throughput of the system. This will also need to be automated if the system were
applied to the architectural scale. The goal would be to have a flat-packed stock of parts
that would be assembled on site by a desktop-scale CNC, with the assembled voxels then
distributed to the MILAbots via an automated system.

Lastly, the actuators in the robot use 3-D printed gearboxes that fatigued and eventually
failed during our testing. For the purposes of making a more accurate cost estimate, we
replace all of these components with an equivalent metal off-the-shelf reduction. This takes
the total cost of a single robot from $750 to $1,250. To account for the cost of an elevator
system, we then increase the estimated per-robot cost to $1,875.

Structural Element Design

After determining the relevant parameters of the voxels and robotic assembly system, we
designed the overall voxel building. The simplified building consists of a fully enclosed 5
x 10 x 3 m box with approx. 610 mm spacing between framing elements. The structure
is sheathed internally and externally with 1/2” oriented strand board (OSB) and a 100
mm thick layer of expanded styrene foam (EPS) insulation. The wall studs have a square
cross-section formed by voxels, while the roof joists have an I-beam cross-section formed by
voxels. This is shown in Figure 5-7.

We determine the required quantity of voxels for the structure by treating each 5 m-long 3
m-tall spanning element (consisting of a stud on either side with a joist over the top) as an
individual structural element that needs to support its own self weight, that of the sheathing
and insulation on it, and an additional 20 p.s.f live roof load based on the requirements
in the ASCE 7 [24]. We then increase the dimensions of the framing element until the
maximum displacement is below the L/360 standard [82]. This is summarized in Figure
5-8.

To evaluate the structural performance of each archway (the stud-joist-stud spanning ele-
ment shown in Figure 5-8 ), we performed Finite Element Analysis (FEA) to determine the
maximum deflection under a consistent load case. To achieve this, we developed a simu-
lation framework using Python-Abaqus scripting. The script generates the arch geometry
based on the specified stud and joist cross-sectional properties. We treat the mechanical
properties of the voxels as the properties of the bulk material in each archway. Depending
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Figure 5-7: Diagram of the simplified structure used for our estimates, showing the base
plan for the 24” (610 mm) on-center spaced stud framed 5 m x 10 m x 3 m building, the
single spanning frame element used for evaluating the voxel approaches, and example cross
sections of the stud and joist elements.
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Figure 5-8: Overview of the evaluated loading scenario, with a 30x deformed model overlaid
on top of the undeformed structure.
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on the voxel type and the availability of the data, the Young’s modulus is typically de-
rived from compressive modulus measurements of either single unit cells or assemblies up
to 4x4x4 voxels. Density values all account for the mass of connectors in addition to the
voxels themselves. The script then defines the boundary conditions: the bases of the beams
are fixed, a gravity load is applied, and a pressure load is imposed on the top surface. Due
to the geometric variability of the models, the pressure load is calculated such that the
resulting equivalent point load is 3.66 kN. The generated solid is then meshed using C3D10
tetrahedral elements. We chose this element because it is easy to automate while offering
10 nodes, quadratic interpolation, and four Gaussian integration points, ensuring good ac-
curacy and a proper representation of the field variations across the element. The mesh
size is half of the voxel height value. Finally, the script runs non-linear analysis and, once
converged, records the maximum deflection of the horizontal beam in the vertical direction.
This code is provided in 5.9.

While treating the voxel mechanical properties as equivalent to that of a bulk material is
a simplification, prior work indicates that the voxel behaviors extrapolate well: one of the
key objectives behind each voxel design is for the geometry of the lattice to dominate over
that of the joints and behave as a bulk material with equivalent properties. Prior work has
established that joint effects are second order compared to that of the beams [91]. In line
with this, discrete systems achieve similar performance to their continuously manufactured
counterparts. For example, the discrete lattices in [46] exceed the performance of the
continuous microlattice described in [157], while the voxel system in [72] achieves comparable
performance to the continuously manufactured lattices in [184], indicating that behavior of
the beams dominates.

To better validate our modeling, we set up four samples of voxel beams to test under 3
point bending as a physical and virtual experiment. These results indicate strong alignment
between the physical discrete assemblies and their virtually modeled continuum material
counterparts. The full results and description of this are available in 5.9. However, it
is important to note that our results here are based on a first order approximation of the
actual system, and that real deployment of any of these systems would require more physical
testing as well as more system-specific validation of FEA tools and workflows.

In larger assemblies, manufacturing tolerances and cumulative geometric slack can intro-
duce localized nonlinearities that deviate from idealized bulk behavior. The voxel systems
considered here are designed with geometrically constraining node interfaces to minimize
slip accumulation and error propagation across scales. Although prior experimental studies
have shown that stiffness remains beam-dominated rather than joint-dominated in rela-
tively large assemblies [46], [51], tolerance accumulation may become more pronounced in
structures at the building-scale. While the modeling framework we use reflects the intended
mechanical regime of these systems, it should be noted that it is an idealized approximation
of the system.

A summary of all of the voxel beams, along with their maximum deflections, are shown
in Figure 5-9. We adjusted the cross-sectional voxel quantities until the deflections were
within 2 mm of each other, and all below the maximum of 13.89 mm. As Figure 5-10
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GFRP node octet CFRP node octet Nylon-GF cuboct Nylon-CF cuboct BioPTT-CF cuboct PLA edge octet
Max disp: 11.6 mm Max disp: 10.1 mm Max disp: 10.1 mm Max disp: 12.0 mm Max disp: 13.4 mm Max disp: 10.9 mm
Weight: 45.9 kg Weight: 26.1 kg Weight: 297.9 kg Weight: 170.7 kg Weight: 273.0 kg Weight: 131.6 kg
Voxel count: 111555 Voxel count: 9449 Voxel count: 19334 Voxel count: 534 Voxel count: 3334 Voxel count: 1847

Steel Kelvin Aluminum PCB cuboct Aluminum/PP exp. Miura  Steel edge octet Plywood edge octet
Max disp: 12.7 mm Max disp: 10.7 mm Max disp: 10.6 mm Max disp: 11.1 mm Max disp: 12.3 mm
Weight: 251.8 kg Weight: 54.3 kg Weight: 100.1 kg Weight: 80.0 kg Weight: 51.9 kg
Voxel count: 218932 Voxel count: 434 Voxel count: 1516 Voxel count: 651 Voxel count: 2901

Figure 5-9: All of the evaluated voxel frames, with the maximum displacement, single frame
weight, and single frame voxel count noted.

shows, the dimensions, voxel quantities, and framing weights vary significantly across the
different voxel approaches. This is because the voxels span a range of mechanical properties,
so for an equivalent absolute load on the roof, some voxel approaches require substantial
dimensions before they reach the requisite stiffness to support it. The total weight of the
framing structure is then the weight of all of the load-bearing component frames, along with
the short-side stud elements (square cross-section), as well as the upper and lower shear
bracing (I-beam cross-section), as shown in Figure 5-7A.

We projected the assembly speed for each of the frames by determining the average number
of actions per placed voxel for a single structural framing element using an elevator-style
voxel feed. ” Actions” are defined here as each robot step type and each voxel placement
type, which are structured as two-move sequences to return the robot to the same starting
configuration, with the legs placed two voxels in x or y away from each other. For example,
the single action of "step forward” consists of moving the relative front leg forward to a
spacing of four voxels horizontally away, and then moving the back leg to close the gap.
Voxel placement movements are similarly structured, so a placement movement looks like
swinging the back leg into the placement position, placing the voxel, and retracting back to
the default position. Essentially, the library of actions consists of all steps that can move
the robot two-voxel distances laterally, up to two-voxel distances laterally and vertically, or
place a new voxel block within that bounding envelope. Because of the relatively similar
distances traversed during each of these movements, and because of the reliance on mechan-
ical alignment features over precise robot control, all of these steps take roughly a similar
amount of time, allowing us to extrapolate approximate robot throughput speeds based on
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Figure 5-10: One of the structural elements loaded into the MILAbot simulation space,
configured for a moving voxel feed.

the amount of actions taken during a build.

Using this sample framing element build, this results in an average of 6.5 actions per placed
voxel. At 9.5 seconds per movement, carrying the maximum volumetric payload of three
4x2x2 65 mm lattice pitch voxel blocks, this results in a volumetric throughput of 0.26
m? per hour. For our projections, we use 25% of this value to build in sufficient buffer to
account for set-up and de-installation time, as well as a future voxel feed system.

5.4.2 Compared Construction Approaches

Here, we compare voxel-based approaches with 3D concrete printing (the predominant onsite
automated method), precast modular concrete (a prefabricated method), concrete masonry
units, cold-formed steel framing, and stick framing (manual methods). Material amounts
and embodied carbon estimates are drawn from a range of sources in the literature, while
overall material, labor, and equipment costs are estimated using RSMeans [151] for United
States national averages.

3-D Concrete Printing

For the 3DCP approach, we use a 40 mm track width and a wall cross-section similar to the
ones in [30],[175], and [126]. The dimensions are shown in Figure 5-11. Based on commercial
practices, such as what is discussed in [34], we additionally reinforce the wall by casting
concrete with reinforcement into the walls according to the ratios given by [126], and adding
spray foam insulation to an equivalent thermal insulation rating as the EPS foam used in
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the voxel and other framing approaches. For the roof, we use hollow-core panels, as in [30].
The dimensions of these are shown in Figure 5-11, and further discussed in the following
subsection. We use the parameters of the COBOD BOD2 gantry girder printer to determine
the build time. We determine the embodied COge by using the values determined by [126]
adjusted for our geometry. From this, we get an embodied carbon value of 17338 kg COqe,
at a total weight of 46,267 kg. Using the BOD2 maximum printing parameters [49], the
total time to print the walls is only 10.4 hours. Based on the BOD2 recommendations, we
estimate another 10 hours for total set-up and de-installation time, with four printer techs
on site at $30/hour for the entire print use time. The addition of concrete reinforcement,
insulation, and pre-cast roof panels then adds another approximate 100 hours of build time,
for a total assembly time of 119.7 hours. The overall material cost for the entire structure is
$12,972.95, while the combined labor and equipment cost is $7,616.13. To estimate the cost
of using the printer, we assume a five-year 5000-hour /year use schedule of the printer that
we amortize its base cost ($600,000) over, in addition to the cost of the electricity needed
to run it, using the 2023 Massachusetts average rate of $0.34 per kilowatt hour, similar to
the method used in [175]. This results in a total cost $20,589.08 for the 3DCP building.

Precast Modular Concrete

For the precast modular concrete approach, we use insulated sandwich panels for the walls,
[134] , and hollow core panels for the roof, as done in the 3DCP case. These are chosen
according to [83] to meet the loading requirements and spans of the sample building. The
insulated sandwich panel, as shown in Figure 5-11 consists of two 50 mm thick reinforced
concrete slabs around a 100 mm thick EPS foam insulating layer. The concrete slabs are
reinforced at a ratio of 33.5 kg/m3, lower than the reinforcement ratios provided by [30], and
more in line with guidelines given by [83]. The roof panels are then made of a 6” (152 mm)
tall hollow core panel with a 2” mesh reinforced concrete topping. The cross-sectional area
of the hollow core panel alone per 4-foot (1.2 m) section is 0.12 m? and has 9 strands of 9.42
mm diameter steel reinforcement. The topping is reinforced at 0.25% of its cross-sectional
area. We assume all the concrete in the structure is the same blend, given by what is used
in [126] . The total weight of this structure is then 42114 kg, with an embodied carbon of
11899 kgCOqe. The total material cost is $23,681.24, while the fabrication cost is $2,676.99,
for a total cost of $26,358.23. The assembly time is 54.25 hours. For this approach, and
the remaining manual approaches, the cost and time estimates are generated using only
RSMeans data, as previously discussed.

Concrete Masonry Units

The concrete masonry unit wall is designed according to reinforcement ratios given by [126]
and adjusted for our dimensions. Like [67], we use 140 x 390 x 190 mm CMUs. We use the
same hollow core panels for the roof as in the prior two concrete building examples. We also
add a single layer of EPS foam insulation and OSB sheathing internally to the structure.
The total weight of the structure is 48022 kg, and the embodied carbon is 14005 kg COaqe.
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The material cost is $14,250.24, and the labor and equipment cost is $9,822.80 for a total
cost of $24,073.04. The total build time is 209.03 hours.

Cold-Formed Steel Framing

The cold-formed steel framing follows the same basic pattern as the voxel framing scenarios,
though we use a constant cross-section throughout the structure. The dimensions of this are
shown in Figure 5-11 and are taken from a product listing for a 16-gauge 6” stud [48]. For
the roof joists, we place these back-to-back for added stability and verify that the structure
deformation is below the L/360 standard under the same loading conditions as used for the
voxel approaches. Sheathing is then added as in the voxel approaches, for a total structure
weight of 2074 kg. The embodied carbon is 6608 kgCOge. The material and labor costs
are $15,859.03 and $10,998.60, respectively, for a total cost of $26,857.63. The build time
is 282.1 hours, for two carpenters working on each task sequentially.

Stick Framing

As with the other framing-based approaches, the stick framing case follows the same stud
pattern. We use 2”x6” (real dimensions 38 mm x 140 mm) dimensional lumber as the base
unit for the studs, and 2”x12” (38 mm x 280 mm) beams for the roof joists. We use steel ties
to secure the roof joists to the studs. Including sheathing and insulation, the overall weight
is 1149.85 kg and the embodied carbon is 1933 kgCOse. The material cost is $4,983.09, the
labor cost is $4,981.26, and the total cost is $9,964.35. The build time is 108.5 hours, for
two carpenters working on each task sequentially.

5.4.3 Comparison Methodology

All of the approaches are compared using results for the entire simplified building, un-
less otherwise noted. This means that all the calculations include the additional finishes
(sheathing and insulation), so that the comparisons are at an equivalent level of finish. For
example, for the voxel approaches, this means that the time calculation is based on the
robots first assembling the framing structure, and later a team of two carpenters insulating
and sheathing the building sequentially. Similarly, cost accounts for price of the voxels, as
produced by a vendor, amortized material cost and electricity costs of the robots, labor
costs to supervise the robot build, and the material and labor costs for the traditional con-
struction activities. For cost data from RSmeans, the base cost is taken to be comparable
to how voxel costs were determined.

The embodied carbon assessment follows the principles of ISO 14040/14044 [86],[87], and
is intended as a comparative assessment of alternative structural systems, as opposed to a
complete cradle-to-grave LCA. The system boundary is limited to cradle-to-gate material
production, corresponding to A1-A3 in EN 15804, encompassing raw material extraction,
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processing, and manufacturing. Construction stage activities, use phase impacts, and end-
of-life scenarios are excluded, with the exception of the automated methods (3DCP and
voxel approaches), where we factor in the electricity cost of running the automated systems
in the overall calculation, as we consider this a necessary part of producing the material. For
biogenic materials, we use the figures from [173], which covers A1-A3 modules, and excludes
any biogenic carbon flows. Material quantities are derived from the previously described
structural designs, including all additional sheathing, insulation, and fastening beyond the
structural elements. For the voxel based approaches that leverage subtractive methods, i.e.
the plywood and steel voxels developed for this work, the aluminum PCB voxels from [162],
the steel Kelvin voxels from [95], and the expanded Miura plate lattice from [139], we include
the off-cuts in our overall material consumption, as this represents a potentially non-trivial
amount of material waste in the process. Under these assumptions, the embodied carbon
results presented here are intended to support relative comparison of structural strategies
and construction paradigms, rather than to provide absolute environmental impact values
for specific buildings.

5.5 Results and Discussion

In this section, we compare and evaluate the voxel approaches against the existing construc-
tion approaches in terms of their sustainability, cost, and building speed. These criteria
reflect primary environmental, economic, and logistical drivers in construction decision-
making. While other impact factors are relevant to the environmental sustainability of a
construction approach, we use embodied COqe, as this metric is widely reported and allows
consistent comparison across systems. A complete summary of these parameters is also
available in Table 5.3.

Sustainability Assessment

We use the embodied carbon of each approach as our metric to evaluate its sustainability.
While the embodied carbon of many of the voxel approaches is quite high, as summarized in
Table 5.3 the three voxel types developed for this work demonstrate potential sustainability
benefits compared to traditional construction methods. As shown in Figure 5-12, the voxel-
based approaches outperform all of the concrete-based methods, while the steel and wood
voxels are able to provide lower embodied carbon than every approach, aside from stick
framing. Compared to 3DCP, the steel voxel approach generates only 36% the amount of
the embodied carbon, while the plywood approach generates only 17% of the embodied
carbon of the 3DCP approach. The emissions of the voxel approaches are more comparable
with their equivalent framing-based approaches, but achieved via a potentially automated
building process.

However, most of the considered voxel approaches perform poorly in terms of sustainability.
The voxel-only contribution to the embodied carbon is plotted for all voxel types in Figure
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Figure 5-12: Total embodied carbon for the three voxel approaches developed for this
work, compared to the standard construction approaches for the complete simplified 1-
story building.

5-13. Of the existing construction approaches, 3DCP had the highest embodied carbon
value at 17,338 kgCOqe— this value is exceeded by the voxel contribution alone for all the
voxel approaches with higher embodied carbon than the GFRP node-octet.

This wide range is because while some voxels were designed for improved sustainability, most
were designed only for specific mechanical performance metrics. To compare the material-
sustainability efficiency of the voxels we can evaluate their specific modulus (MPa/p) relative
to their carbon intensity (kgCOge/kg). This metric helps capture the balance between the
mechanical efficiency of the lattice (how stiff it is relative to its density) with its environ-
mental efficiency (how much embodied carbon is in each unit of the material system). So,
for example, although the aluminum cuboct has relatively good specific modulus at 0.78
MPa/kg/m3, this is outweighed by its very high carbon intensity of 30.17 kgCOqe/kg.

From this metric, we see that the plywood and steel octets are significantly more efficient
than the other considered approaches. This is because they are manufactured from base
materials with lower embodied emissions compared to the other approaches (especially
the aluminum and fiber-reinforced high-performance plastics) and produced in a way that
does not waste too much of the feedstock (in contrast to the steel Kelvin lattice, which
uses subtractive fabrication without considering packing efficiency). This is additionally
because the chosen lattice type, the edge-connected octet, has better mechanical efficiency
at the ranges needed for building loads. From this metric, the next most efficient systems
are the PLA edge octet developed for this work and the CFRP node octet, which could
have potential improvements through substituting their constituent materials with more
sustainably efficient materials.
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Figure 5-13: Embodied carbon [kgCOse/kg] of the voxel approaches relative to the voxel’s
specific compressive modulus [MPa/p| and embodied carbon of each voxel building ap-
proach, accounting only for the voxel contribution.
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Figure 5-14: Overall structure mass, including sheathing and insulation, compared to em-
bodied COqe for all of the considered approaches.
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Figure 5-15: Projections of the sustainability performance of 3D printing and voxel ap-
proaches with material substitutions.

We can also evaluate the overall material sustainability of all the approaches by considering
the ratio between their embodied COse and their overall structural mass. These results are
plotted in Figure 5-14. As this graph shows, the concrete approaches have lower embodied
carbon per mass than any of the other approaches. However, in absolute terms, they still
have an overall high embodied carbon. This indicates that their building approaches are
inefficient in terms of how mass is distributed, suggesting that work towards more efficient
concrete usage could offer significant sustainability benefits. In contrast, the performance
of the CFRP node-octet, for example, is already extremely lightweight, but with very high
emissions, indicating that the most promising route for improving performance would be
through base material substitution.

Based on these results, we additionally consider some projections for the different building
approaches with more eco-friendly material substitutions. These are summarized in Figure
5-15. For the 3DCP approach, we consider the impact of switching to a lower carbon
concrete (denoted as LC in the graph) for the 3D printed portions, the cast-in-concrete
reinforcement, and both. For these calculations, we use the figures reported in [128]. By
substituting lower embodied carbon concrete for all of the concrete, we are able to reduce
the embodied carbon of the 3DCP approach from 17,338 kgCOse to 11,441 kgCOqe, a 66%
reduction. There is also substantial work exploring alternatives to concrete, such as printing
using earthen materials, as by WASP [12]. Using the reported carbon intensities from [52],
we find that substituting an earthen mixture with a low-carbon intensity, the 3D printing
method can further lower to 6,655 kgCQOse, which is competitive with our projections for
the steel octet voxel.
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Figure 5-16: Material cost, consisting of the purchased material cost of all components, and
fabrication cost, consisting of the labor cost and equipment cost for each approach.

Building Costs and Times

Cost data is determined as previously described. Note that for assembly times and labor cost
calculations, for the voxel approaches, we assume a robotic swarm of 24 robots operating
symmetrically over the structure, with a volumetric assembly speed that is 25% of the speed
of the current hardware system, to build in a buffer for system installation/de-installation
and voxel feeding. Sheathing and insulation are then manually applied sequentially after
the structural assembly.

The voxel approaches span a wide range of costs; however, most of the approaches are
within the same order of magnitude as the existing construction approaches. The steel and
wood octet voxels slightly outperform most of the considered existing approaches. The cost
of every considered approach is shown in Figure 5-16. Figure 5-17 shows the total assembly
time for the traditional construction approaches, as well as the considered voxel approaches.
Steel framing is the slowest approach, at 282 hours, while precast modular concrete is the
fastest at 54.3 hours. The voxel approaches fall in a similar range as the stick framing and
3D concrete printing approach.

The stick framing-based approach is by far the cheapest approach in total, while the steel-
framed approach is the most expensive of the existing construction approaches. The total
cost of both framing approaches is approximately evenly split between labor and material
costs, representing the highest proportional contribution by labor of all the considered
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Figure 5-17: Total assembly time for each approach and total construction costs of the
existing construction approaches and only the voxels developed for this work.

approaches. On the other side, the pre-cast modular concrete approach has the lowest
labor contribution of the considered approaches.

Given the low labor costs pre-cast modular concrete and the low material costs of stick
framing, it is worth considering the performance of other wood-based modular building
systems. Structural insulated panels (SIPs) consisting of two OSB layers around an EPS
foam interior sandwich-style panel provide a wood-based alternate construction system we
can consider in relation to the voxel approaches. Projections of the speed and cost of a SIPs
version of the building, based on the same RSmeans dataset, are shown in Figure 5-17, along
with the other existing construction approaches and the voxel approaches developed for this
work.

Compared to 3D concrete printing, the voxel assembly method achieves relatively similar
speeds for the structural components. The 3SDCP approach only requires 20.4 hours to print
the walls, in addition to installing and deinstalling the printer, according to figures from
COBOD [49]. The steel voxel requires 7.1 hours, the PLA voxel requires 15.2 hours, and the
plywood requires 39.1 hours, including setup and de-installation time. A significant portion
of the total build time for both automated approaches is spent on sheathing and insulation
(about an additional 80 hours for both approaches), highlighting that efforts aimed only at
automating the construction of the base structural system may be limited in the total speed
improvements that they can achieve. This is emphasized by the fastest speeds achieved by
the modular wood panels (SIPs) and the precast modular concrete panels, as in both of
these approaches, there are no secondary passes for insulation and sheathing.

This suggests that while the robotic assembly system could achieve further throughput
improvements through using higher-performance motors, increasing the swarm assembly
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Assembly Cost vs. Assembly Time
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Figure 5-18: Assembly cost versus the overall assembly time for every considered approach.

size, or increasing its carrying capacity, the greatest potential benefits lie in additionally
automating future operations, such as sheathing and insulation. The approach for this could
either be sequential, that is, the mobile robots install the sheathing as a second pass, or it
could be done in parallel, by developing a closed, more brick-like voxel geometry. A future
system incorporating sheathing-integrated voxels might also have insulation built in, and
use electronics-integrated voxels sparsely to additionally build out the wiring of the house.

In Figure 5-18, we plot the assembly cost versus the assembly time, showing a relatively
linear relationship between the two. This is because our cost model assumes two workers
supervising the robotic voxel assembly system, as well as manually installed sheathing and
insulation, so the overall fabrication cost is dominated by labor as opposed to the cost of
using the robot, which is low: less than $20 for all voxel approaches, and less than $10 for
the three voxel approaches developed for this work.

The amount of robots to use for a given structure represents an interesting problem. While
initially throughput can be trivially increased by increasing the number of robots, this will
reach a limit either physically, based on building footprint or structure shape, or based on
the challenges of computationally planning for very large swarms, or based on the logistics
of managing a large group of robots in hardware. This is further discussed in the following
subsection. For this structure, we use 24 robots because this amount results in both full
utilization of the swarm based on a simple partitioning of the structure into roughly equal
voxel-count substructures, while also balancing against logistics challenges of handling larger
robot swarms, which is further discussed in the following subsection.
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System Cost vs. Volumetric Throughput
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Figure 5-19: System cost and volumetric assembly throughput scaling for increasing MI-
LAbot swarm sizes as compared to selected existing automated concrete printing and brick-
laying systems.

Automated System Throughput

The robotic system for the voxels is focused on being cheap and simple, and relies on paral-
lelization to achieve improved throughput. This stands in contrast to existing commercial
approaches to automated structural building, which typically rely on expensive and large
machines. In Figure 5-19 we plot the volumetric throughput of the MILAbot system against
some other existing systems: the WASP mud printer (gantry system) [12], the SAM brick-
layer [11] (robot arm on a linear base), the Maxi concrete printer [14] (robot arm on a mobile
base), the BOD2 concrete printer [49] (gantry system), and the Hadrian X bricklayer [13]
(robotic arm on a crane with a mobile base). These prices are taken from the starting prices
listed on each of these system’s respective sites, while the MILAbot cost is doubled from
the production cost.

A single MILAbot is much slower than the other approaches; however, it is also much
cheaper. By increasing the amount of MILAbots, we linearly increase the throughput, and
we catch up to (or exceed) the BOD2, Maxi, SAM, and WASP systems at less than 20
robots. While a swarm size of 20 voxel assemblers is larger than what has been previously
demonstrated, it is still in a clearly tractable range, especially for well-partitioned builds.
The MILAbot system catches up to the throughput of the HadrianX system at 200 robots
at an order of magnitude cheaper. However, such a large swarm size, especially for a
relatively small project, poses significant logistics and planning challenges that would limit
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our potential ability to trivially scale to those robot counts.

As previously stated, while increasing the robot count can increase system throughput, at
some point, this will run into geometric, logistical, or computational barriers that prevent
continued improvement, or could even begin reducing the system throughput. When these
barriers come into play is highly geometry dependent, as the shape of the structure, as
well as the access point around it on a site, can create bottlenecks for robotic assembly. If
we consider the example of a long, solid and thin wall, if we are able to place robots and
voxel feeds evenly along the length of it, we can achieve better than linear improvements
in assembly throughput [17]. If we are however only able to place robots and voxel feeds at
one end of the wall, we will receive little to no benefit from adding further robots, as they
will block each other along the path. Similarly, for roof structures or other overhangs, the
quantity and size of their vertical supports dictates access for the robots. Although prior
distributed robotic assembly work has demonstrated various strategies that can help miti-
gate this bottleneck effect, such as through bucket-brigade style behavior [65], our current
path planning implementation does not accommodate this. Even if geometric constraints
are not a limiting factor, the logistics of deploying large quantities of robots are relevant for
real-world applications. That is, with a limited team of people to install and supervise the
robots, increasing numbers of robots lead to increased installation and deinstallation times.
While this may be a less pronounced problem for more high autonomy operation, such as
in-space assembly tasks, for the tasks considered here, these times can dominate over the
robotic performance. Finally, because for this scenario we can precompute assembly paths,
while computational challenges can eventually become limiting for very large structures,
we are unlikely to encounter these for this system before running into the previously de-
scribed physical barriers to scalability. Various literature has also explored alternate control
systems for more highly autonomous and dense swarm systems [73].

To better see how these geometric and logistical challenges impact arbitrary scaling, we
can consider our example structure, as built using the plywood voxel system. We used our
digital twin software to simulate different partitions of this structure and how throughput
is impacted by increasing robot quantities for these substructures. Based on our prior
assumption of two workers monitoring the robot build, we factor in installation time as
proportional to the quantity of robots used, assuming that two robots can be set up at a
time. Our prior calculations also assume that the robots and voxel feeds can been manually
moved around the build site as substructures are completed, as this enables the robots
to fully access the sample structure without temporary supports. The time this takes is
factored in based on how many (if any at all) robots need to be moved around on to continue
assembling further substructures.

The assembly throughput in m?/hr versus the number of robots for the plywood voxel
building is plotted in Figure 5-20, with a small parameter sweep of installation times and
voxel feed switching times, to illustrate how these metrics impact overall throughput. The
basic case is plotted in black, and assumes 0.75 hours for every two robots to be installed,
and 0.15 hours for every two robots and voxel feeds to be moved to a new position. The
alternate options vary only one of the parameters, as indicated by the legend. In the absence
of the installation/deinstallation time considerations, throughput linearly increases until we
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Figure 5-20: Assembly throughput in meters cubed per hour versus the number of robots
for the plywood voxel based simplified building.

reach the maximum amount of robots that can build without sharing a vertical stud, which
is 48. At this point, the throughput continues increasing at a much slower rate, as each
stud has enough capacity for two robots to split the assembly, improving the overall speed.
However, because of the narrowness of certain sections of the horizontal joist elements, the
additional robots are not able to contribute to building these. The throughput continues
increasing until we start increasing the robot count to three per stud, at which point they
begin to interfere with each other, resulting in a decrease in the assembly throughput. The
addition of installation and switching time considerations primarily serves to penalize larger
quantities of robots, pushing the peak productivity toward lower robot counts. While the
timings for these actions are based around our experience with the hardware, these are
highly approximate and would likely require deployment outside of a lab environment to
more realistically evaluate. However, these results help to illustrate how physical constraints
around building geometry and likely necessary manual actions during the assembly process
can limit overall scalability.

The comparison to existing systems in Figure 5-19 is intended to provide a simplified com-
parison point, as each of the considered systems face various limitations that impact both
achievable assembly throughput and what types of geometry are buildable, making direct
one-to-one comparison difficult. So, while Figure 5-20 clearly indicates that for a structure
of this size, we cannot arbitrarily scale into the hundreds of robots, a structure with 10
times the wall perimeter (which does not mean it needs to be an overall 10 times larger
structure), could much more easily support an increased number of robots. This suggests
that a potentially fruitful avenue of future work could be to consider both which types of
structures are best suited for distributed robotic assembly as well as how overall structure
designs might be modified to better accommodate robotic fabrication.
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5.6 Limitations and Future Work

We evaluate voxel systems within a complete building-level comparison framework that
considers embodied carbon, total cost, and assembly time, unlike prior voxel and archi-
tected lattice work, which focus primarily on mechanical characterization [46], [184], [72]
or system demonstration outside of construction contexts [90], [162]. While many prior
robotic construction systems have been explored, these works often focus on demonstrating
structural, robotic, or material performance [80], [113], [124] in isolation. Because our goal
is to demonstrate the potential applicability of an entire material-robot system to build-
ing construction, a focus of this work is a normalized comparison of building approaches
considering multiple metrics relevant to a construction system.

Similarly, much of the prior work on robotic construction emphasizes either structural per-
formance or fabrication efficiency in isolation; here, we integrate structural simulation,
robotic throughput modeling, and cradle-to-gate embodied carbon assessment under con-
sistent boundary conditions. For comparability, all construction approaches, including ad-
ditive and modular systems, are normalized to equivalent functional requirements and levels
of finish, enabling a more consistent evaluation of automation strategies in realistic building
scenarios.

However, while this work demonstrates the potential of robotic voxel assembly as an efficient
and sustainable in-situ construction approach, there are still substantial limitations that
need to be addressed before this approach is ready for practical deployment. The voxel
approaches have only been demonstrated at a lab scale, so many important performance
characteristics, such as long term durability have not been evaluated.

We only consider the performance of the voxels in a basic mechanical loading scenario
and we do not consider the stability of these structures under shearing or lateral loads.
To fully validate the voxel system, not only would more substantial mechanical testing be
required, but a slate of other properties would also need to be tested. In addition, we would
need to evaluate the voxels for long-term use. For example, mechanical fatigue, thermal
stresses from different material types, and humidity resistance may all negatively impact
the performance of the voxel approaches over many years.

Significantly, the fire resistance of most of the considered voxel approaches, especially the
FRP-based ones, is too low for use as structural elements in a building, and future re-
search would need to address this. The fire performance is a major constraint especially for
polymer-based voxel systems, and may prevent future use of these systems. For this reason,
this study also evaluates steel and wood-based voxel systems whose intrinsic fire perfor-
mance may be more compatible with conventional building codes, although it is important
to note that the structure of these may make them more susceptible to fire damage. While
intumescent coatings or mineral-filled composite formulations may improve behavior, such
strategies would increase cost and embodied carbon and may not achieve required structural
fire ratings. Future work should explicitly assess code-compliant configurations within the
present LCA framework.
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Our path-planning tools currently do not account for the physics of the system, which
may be a significant limitation for structures such as these which have large cantilevers
during the construction process. While some prior work has demonstrated integrated CAD
and FEA for voxel systems [162], these do not incorporate robotic path-planning and are
likely not suitable for simulating structures at the architectural scale, where total voxel
counts are extremely high. Potential integration of other work [80] [81] that has explored
the generation of loading-aware robotic paths, or even hardware such as [120], which can
measure loads in the structure, may be necessary for full scale deployment.

The robotic hardware system is also not at the requisite maturity yet for full-scale deploy-
ment, though there is active work towards this. The largest scale demonstrations of voxel
assembly, from the MILAbot system, and from [71], both have limitations in the maneuvers
that prevent efficient assembly of large structures, which is why, for this work, we simulate
the performance using a vertically moving voxel feeder, which has not yet been demon-
strated in hardware. Similarly, with the exception of the FFF-printed voxel, which is not
a practical option, and the node-octet voxels, which have not been robotically assembled,
all of the other voxels require some amount of assembly to go from 2D/2.5D faces into the
voxel. In prior work, this has always been manual, but for real deployment, automating
this would be necessary. Additionally, the delivery of voxels to the voxel feed or assembly
robot is underexplored.

Based on the results from the assembly speed estimates, future work should also address
more ”complete” voxel modules. These voxels could potentially incorporate sheathing,
insulation, or electrical or plumbing routing for a more direct-write assembly process. If
this direction is further pursued, questions of how to properly seal a highly discretized
structure become more relevant. Additionally, explorations of what the most appropriate
size of voxel and size of robot may be relevant.

5.7 Conclusion

Depending on material and geometry selection, voxel-based systems were able to reduce the
embodied carbon of the evaluated single-story building compared to concrete approaches.
The plywood octet system demonstrated the lowest embodied carbon of the voxel ap-
proaches, with 17% the embodied carbon of the 3DCP approach, and 24% that of the
precast concrete approach. The steel octet system had 36% the embodied carbon of 3DCP,
and 52% that of precast, while slightly reducing the carbon footprint relative to the steel
framing approach, at 91% the embodied carbon. On-site assembly time is competitive with
existing approaches, at an average time of 99 hours for the two voxel approaches, and an
average of 155 hours for the existing approaches, and the voxel systems are only outper-
formed by the large-panel based modular building systems. Total construction cost for the
steel and plywood octet voxels is comparable to that of the concrete-based approaches, as
well as the steel framing approach, although the stick-framing approach is substantially
cheaper, at 70% and 63% the average cost of these other approaches, respectively.
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This study shows that the robotic assembly of voxels has the potential to improve the
sustainability and efficiency of construction compared to some existing construction ap-
proaches. For the voxel approaches, cost competitiveness depends on material selection
and fabrication strategy. The voxel approach combines the mass-efficient benefits of fram-
ing systems with the automation benefits of 3DCP and modular prefabricated methods.
Compared to the 3DCP approach, the voxel approach has lower embodied carbon, lower
labor costs, and lower amortized equipment cost per structure, indicating the potential for
discrete assembly in large-scale construction. Compared to modular prefabricated methods,
such as prefabricated concrete systems or modular wood based systems, the voxel-based as-
sembly approach is slower, but does not require large on-site infrastructure for installation
and can support added geometric complexity without cost increases.

The results suggest that further exploring either a steel or wood voxel system would enable
the most sustainability and cost benefits, and future work would focus on validating these
projections with physical demonstrations. Future work could also explore where in the
construction process adopting a discretized distributed robotic assembly system makes the
most sense. The results demonstrate modular systems that leverage larger panels can
achieve reasonable sustainability and cost metrics likely at an assembly speed that smaller
voxel modules will not match. However, the ability to use smaller and simpler robots may
have alternative benefits, especially toward more highly autonomous operation in remote
or challenging environments, or towards creating reconfigurable or temporary structures.

As the work here explores a simplified single-story building, future work should also focus
on projections for multi-story buildings or other large structures as a clearer path to scaling
to large structures is one of the key motivators for exploring voxel-based systems. Scaling
to multi-story structures will require evaluating metrics beyond mechanical performance,
such as thermal expansion, fire safety, and relative humidity effects.
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5.8 Voxel Cost and Emissions Estimation Methods

This section explains the methods and sources used to derive the cost and emissions esti-
mates for the voxel approaches.

GFRP node connected octet (Figure 5-1A) achieves a compressive modulus of 2.6 MPa at
a density of 5.8 kg/m3, while the CFRP node connected octet reaches a modulus of 7.97
MPa at the same density. The carbon intensity of these material systems is determined
using the carbon intensity figures for PEI from [29], glass fiber from [58], or carbon fiber
from [100], leading to an embodied carbon estimate of 12 kgCOqe/kg for the GFRP version
and 19 kgCOqe/kg for the CFRP version. [72] provides the cost for each of these at $0.01
per cubic centimeter at $0.03 per cubic centimeter, respectively.

The GFRP cuboct (5-1B) has a compressive modulus of 3.2 MPa and a density of 32.5
kg/m3 [91]. The CFRP cuboct (5-1C) has compressive modulus 1.1 MPa and density 10.1
kg/m? [71]. We use the embodied carbon estimate for nylon 66 from [130] and the prior
GF and CF estimates, leading to a value of 5 kgCOqe/kg for the GFRP lattice and 13
kgCOqe/kg for the CFRP lattice. The cost of the GFRP lattice is $1.38 per face, excluding
mold cost, while the CFRP lattice is $7.43 per face [71].

The bio-cuboct (5-1D) has a modulus of 9.39 MPa and a density of 73 kg/m?. Based on the
values reported in [67], the voxels have an embodied carbon equivalent of approximately
5 kgCO2e/kg. Though this value is slightly higher than our estimate for the conventional
GFRP voxel, the bio-cuboct has superior specific modulus performance. Because the ma-
terial formulation for the bio-cuboct is discontinued, and because [67] does not provide a
cost estimate, we re-use the cost per face from the [91] GFRP cuboct, which is likely a low
estimate.

The reinforced Kelvin lattice (5-1F) has a modulus of 34 MPa and a density of 151 kg/m3.
It is worth noting that this lattice has a relatively smaller lattice pitch (17.2 mm) compared
to the other considered approaches, and is designed for incrementally adding new faces of
material as opposed to entire volumetric elements. However, for this work, we treat it as
though it is also a voxel-based lattice decomposition. We estimate the embodied carbon
of this approach by first estimating the embodied carbon of the mild steel sheet stock
used to make the voxel parts. We start from the reported COse emissions for producing
hot-rolled merchant bar quality stock from Gerdau [153], which includes GHG emissions
from initial steel production, and assume a cold-rolling finishing step consuming energy
at rates described in [147] with an emissions factor based on the current Massachusetts
grid embodied carbon per megawatt hour value of 418.666 kgCO2e/MWh [7]. We then
factor in the COgze emissions cost from cutting the material on a 1.2kW laser cutter (xTool
MetalFab), as well as the wasted material from the lattice cut pattern— for this shape, we
estimated a maximum packing density of 23%. From this, we arrive at an embodied carbon
estimate of 4 kgCOqe/kg of produced voxel. We estimate the cost of the voxels to be $7 per
kg of produced voxel based on the cost of sheet stock from [15] with the cost of electricity
to cut the material and one technician paid at $25 per hour operating the machine for its
entire run time.
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The aluminum cuboct (Figure 5-1G) is made directly from an aluminum substrate PCB
(approximately 1.5 mm thick aluminum core with insulation, copper, and solder mask to a
total 1.6 mm thickness) and reaches a modulus of 24 MPa at a density of 30.75 kg/m?. We
estimate the embodied carbon of this approach by combining the base embodied carbon
associated with producing the aluminum at 11.8 kgCOqe/kg, based on figures from [173],
with the cost of producing a single layer PCB, which we estimate at 18.37 kgCOqe/kg based
on the figures in [110], leading to a value of 30.17 kgCOze/kg of produced voxel, the most
carbon-intensive of the considered voxel approaches. The cost of this system is $0.35 per
face, based on quotes from JLCPCB for 1000-part order quantities.

The expanded Miura (Figure 5-1H) achieves a compressive modulus of 50 MPa at a den-
sity of 110 kg/m>®. We estimate the embodied carbon of this approach by combining the
embodied carbon from producing the base materials with the additions from laminating
the sandwich panel and processing it on a Zund flatbed cutter, determining the machine
running cost with the same method as the laser cutter, assuming 67% packing efficiency.
From this, we get 28 kgCOze/kg of produced voxel at a cost of $27.70 per kg.

The embodied carbon of the PLA octet (Figure 5-1E) approach is based on the value
provided in [57], with an overhead added based on printing the voxel on a Prusa Mk4 with
an operator in attendance for 0.5% of the print time based on our measured print times
versus print loading and unloading times. This results in a total embodied carbon of 3
kgCOqe/kg. The cost is taken from the Prusa slicer, at $0.62 per voxel. The steel octet
voxel embodied carbon is calculated in the same way as the Kelvin lattice, but with a
maximum packing efficiency of 45%, resulting in 2.4 kgCOsze/kg of produced voxel. We
estimate the cost at $8 per kg of produced material. The plywood octet voxel is calculated
similarly, starting with the emissions factor from [173], and processed with a 120 W COsze
Epilog laser cutter, resulting in 1 kgCOqe/kg of produced voxel, and a cost of $8 per kg of
produced material.

5.9 FEA Simulation and Experimental Validation

We recreated physical and virtual three-point bending tests to verify the analogy claimed
in the paper: that the physical cellular materials we propose can be simulated as a digital
continuum material. We selected the three-point bending test as it also challenges the
material assumption in a more realistic way than a uniaxial compression test. A three
point bending test is not fully tension dominated, but rather is a good combination of both
compression and tension modes of work.

To this end, we selected three materials and four different beam architectures. Using the
3D printed edge-connected octet lattice, we produce two beams, one in PLA and another
in a PLA/PHA blend. The compressive modulus of each is measured using a single unit
cell specimen, and extrapolated as the bulk material property for simulation. We produced
an additional beam using the node-connected octet lattice, but using a non-fiber reinforced
Nylon. A 2x2x3 block sample was compressed to determine its compressive modulus and
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Table 5.2: Comparison of simulated and experimental 3-point bending tests
PLA PHA  Expanded Nylon
Octet Octet Miura Node Octet

FEA stiffness (N/mm) 137 184 281 26
Measured stiffness (N/mm) 128 152 221 44
Compressive modulus (MPa) 15 25 45 1.5
Density (kg/m?) 81 82 110 4.5
Lattice pitch (mm) 65 65 66 76.2
Beam dimensions 6x1x2.5 10x2x6.5 8x1.5x2 8x2x3
(LxWxH)

weighed to determine its weight. From the literature, [139] reports three-point bending test
results for the geometry we evaluate in this paper, and these are taken as the experimental
results for that beam. The dimensions of each beam we tested are listed in Table 5.2.

We chose these geometries as they span a sweep of the voxel types evaluated in this paper.
The PLA and PHA octet lattices leverage the compounded assembly, as previously described
in this work, where pre-connected blocks (e.g. 1x3 strip of voxels) are assembled into larger
structures primarily connected vertically through snap fit joints, with dove tail features
providing additional lateral/tensile stability. The interleaving of the compounded blocks
provides good structural stability and capacity to support bending loads. The node octet
system then is connected voxel-by-voxel, and so is less likely to have joints with significantly
different strengths and stiffnesses throughout. These voxels are connected via 0-80 screws
and nuts. The expanded Miura voxel is a plate lattice system, and the beam assembly
incorporates continuous sheets that are loaded under tension during bending, providing a
comparison point to a specimen with complete continuity. Voxels are connected via blind
rivets.

In Abaqus, we model the three-point bending test by representing the specimen as a rect-
angular continuum with the corresponding elastic modulus E and Poisson’s ratio v , as
specified in Table 5.2. The cylindrical supports and the punch are modeled as discretely
rigid bodies, assuming no deformation. The interactions are defined with tangential penalty
friction using a coefficient of 0.15, and normal interaction is set as hard contact. A pre-
scribed deflection is applied to the punch, and the resulting reaction forces are recorded to
replicate the measurements obtained from the Instron load cell in the physical experiments.
Displacement and reaction force data are extracted and compared with the experimental
results. For all Abaqus simulations, units are defined as mm, N, and MPa.

We see relatively good agreement between the simulated beam performance and the mea-
sured beam performance, in terms of the reaction force to displacement ratio. These are
plotted in Figure 5-22. For the expanded Miura beam, the measured result is 221 N/mm
while the simulated result is 281 N/mm. For the PLA octet beam, the measured result is
128 N/mm and the simulated result is 137 N/mm. For the PHA octet beam, the physical
result is 221 N/mm and the simulated result 281 N/mm. For the nylon node octet, the
physical result is 44 N/mm and the simulated result is 26 N/mm. This significant under
performance of the FEA model is likely because of the softness of the bulk material, as the
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Figure 5-21: Three-point bending testing physical set up and simulated set up. A) The
PLA octet beam, with separate voxel blocks highlighted in red. C) The PHA/PLA blend
octet voxels. Like the PLA octet beam, this one also consists of stacked and staggered
compounded voxel elements. E) The nylon node octet beam. B), D), F) are the simulated
versions of the beam. A reference for the expanded Miura beam is available in [139].
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Figure 5-22: FEA and physical force-displacement plots for the four tested beams. 1)
Expanded Miura beam. 2) PLA octet beam. 3) PLA/PHA octet beam. 4) Nylon node-
octet beam. Note that for the Expanded Miura, the measured data is a plot of the slope of

the raw data available from [139]
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modulus is quite low. If we analytically calculate the expected bending stiffness EI based
on our measured modulus, as well as the bending stiffness from our 3-point bending test,
we see much closer results. Using this analytic bending stiffness EI, we predict a force-
displacement ratio of 48 N/mm (this is plotted in Figure 5-22 as the dashed ”beam” line).
For all of these results, the physical behavior of the discretely assembled beam is relatively
well aligned to that of the simulated continuum beam model. In addition to the existing
literature on discrete lattice vs. continuum lattice performance, these results suggest that
our simplified simulation model reasonably captures the real physical performance of voxel
assemblies in more complex loading scenarios.

For both the structural archway and the three-point bending tests, the simulation code
is available here: https://gitlab.cba.mit.edu/alfonso/abaqus-python-code-for-comparative-
evaluation-of-da-lattices-for-construction/-/tree/main.

5.10 Key Parameters of Building Approaches

The key parameters of the considered building approaches are summarized in Table 5.3 on
the following page.
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Table 5.3: Comparison of building approaches with material, cost, and performance metrics.

Approach Density E Pitch Voxels Wit. EC Mat. Cost Fab. Cost Total Cost Time

(kg/m®) (MPa) (mm) (#)  (kg) (kgCO2) (USD) (USD) (USD)  (h)
Alum. Cuboct 30.8 24 150 10,416 1303 40,849 21,580 4,991 26571  95.8
GFRP Node-oct 5.8 2.6 76.2 267,720 1102 14,502 46,633 7,917 54,551 144.4
CFRP Node-oct 5.8 8.0 76.2 226,776 627 13,622 111,090 7,208 118,298 132.6
GFRP Cuboct 32.5 3.2 75 464,016 7150 34,688 2,758,734 9,320 2,768,054 167.8
CFRP Cuboct 10.1 1.1 300 12,816 4097 56,367 325,129 11,458 336,587 203.3
Steel Kelvin 151 34 17.2 5254368 6044 28,259 841,48 4,101 88,249  81.0
Bio-Cuboct 73 9.4 75 80,016 6552 34,306 1,381,008 6,575 1,387,583 122.1
Exp. Miura 110 50 66 36,384 2402 23,024 70,590 4,299 74,888  84.3
PLA Octet 82 25 65 44,328 3157 11,904 72,118 4,741 76,859  91.6
Steel Octet 116 126 100 15,624 1921 6158 16,776 4,252 21,028 83.5
Plywood Octet 15 8.1 100 69,624 1246 2874 13,301 6,176 19,477 115.5
Steel Frame - - - - 2074 6609 15,859 10,999 26,858 282.1
Stick Frame - - - — 1150 1933 4,983 4,981 9,964 108.5
3D Concrete - - - 46,267 17,338 12,973 7,616 20,589 119.7
Precast Conc. - - - — 42,114 11,899 23,681 2,677 26,358  54.3
CMU - - - — 48,022 14,005 14,250 9,823 24,073 209.0
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Chapter 6

Multi-Material Multi-Functional
Voxel Assembly

6.1 Introduction

Every element in a built structure implicitly encodes logic about its structural performance,
assembly sequence, manufacturing process, and functional behavior. The overall dimensions
of a timber beam, for example, are informed by the loads it must carry, how it fits into typical
fastening and framing practice, supply chains, on-site logistics, basic manufacturing process
constraints, and how well it supports a given design vision. A stick framed house is not
built from pieces of wood with arbitrary cross sections and lengths, but rather a limited set
of standardized parts that reflects the structural, functional, economic, and assembly-based
constraints and needs of the project. This information is all implicitly encoded into the
geometry of the building element, and it is decoded primarily by humans who understand
how to design, verify, and build with these structural elements. Because this information
is standardized, it enables the mass production of the parts and their use in a variety of
different structures in different environments with different functional requirements.

Because these conventions have been developed around human building practices, it is diffi-
cult to port them to machines or robots, which lack the dexterity, sensing, and adaptability
we have. This can be managed by either making larger, more complex, and more expensive
robotic systems, as is being done in the various industrial arm assembly projects [113] or
the vast amount of humanoid robotics research, or we can take the opposite approach and
build materials specifically for simple robots to work with (as we have been seeing in this
thesis). The key observation here is that the implicit design intelligence in building ma-
terials for humans still needs to exist somewhere in the system in a way that is accessible
to the robots. This can be done by considering these various dimensions of a structural
element and explicitly embedding them in the design of the building material. We can
develop building materials that describe their own structural performance and determine
their own assembly.
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So: we have progressed through many generations of voxels that all essentially circle around
this goal of a generalist large-scale building system, with each generation of voxel adding
or emphasizing different critical (and not so critical features). The goal of this chapter
is to reach closer to the synthesis of these into a coherent and unified building system:
robotically assembled, structurally performant, mass-manufacturable voxels that can be
made from any standard engineering material into useable structures at practical assembly
speeds and costs, with low embodied carbon footprint.(Of course, the underlying goal of
a parametric and autonomous building system for almost anything is not achieved, but I
hope that this chapter provides an outline for how this might be achieved).

The core contributions of this section are:

e A multifunctional building block system for large-scale structures that can be assem-
bled from a flat-packed feedstock that can be manufactured from a wide range of
material types

e A distributed, mobile robotic assembly system developed to assemble these blocks,
both from 2D faces into building blocks, and from building blocks into larger struc-
tures.

e The evaluation of these systems through a set of diverse demonstration structures: the
construction (and reconfiguration) of a prototype house, a set of miniature electric
cars, and furniture.

A physics-aware planning system and robot coordination tool has also been developed, but
this is primarily work of my collaborator Alessio Zazo, and so the details of this will not
be a focus of this chapter, though I do summarize it in the following section to give a more
complete overview of the building system.

6.2 Methods

6.2.1 Planar Voxel Blocks

We have developed a design pattern for the scalable production of high-performance voxel
building blocks that is compatible with a range of material types and manufacturing pro-
cesses. It starts from a flat feedstock, which enables efficient transport pre- and post-
assembly as well as compatibility with a wider range of sheet materials and processing
methods. This 2D voxel decomposition is designed around low-degree of freedom assembly:
the voxel block is assembled almost entirely from the vertical direction, fully constraining
the assembly using a final part with an orthogonal installation direction. This low-DoF
assembly is favorable for both automated assembly (robotic or otherwise) and for increas-
ing the throughput of manual assembly. We demonstrate this voxel system using metals,
plastics, and wood, and show that we can achieve a wide range of mechanical properties.
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Figure 6-1: Simplified block views of voxel structures. A) The library of compounded
voxel blocks used in the assembly software. B) Example bench, re-computed with this
library in a structurally stable configuration. C) Example archway with different block
color highlighted. Images from Alessio Zazo.

Implementation Details

Grouping individual lattice unit cells into larger block configurations, such as a 2x2x1
arrangement, or stacked and staggered arrangement, as shown in Figure 6-1 simplifies and
speeds up the robotic assembly process. So that these blocks are fast and easy for the robot
to assemble, they are designed for vertical assembly. Blocks are added to the structure by
placing them on top of other blocks, with the pyramidal faces acting as structurally active
alignment features into the voxel block below (see Figure 6-10). In this iteration, a snap fit
at the base of the pyramid finally constrains the position of the block, while the pyramidal
features provide shear stability, and dovetail features along the upper face transmit lateral
loads. By tiling these blocks in space such that they overlap with each other, we offset the
seams of these joints for better load transfer.

Chapter 4 introduces this staggered block concept and explores it through an FDM 3D
printed block system, which limited the robustness of the structures and the potential
for mass-manufacturing. Chapter 5 considers a similar layout but utilizes separate truss
elements to constitute each voxel. While this supports fabrication from planar feedstock, it
would be difficult to automate the 2D-to-voxel block process, as it requires many dexterous
operations. The robotic voxel assembly system in [71] similarly does not support automated
assembly from 2D to voxel units (and this would be non-trivial to implement).

An automated method to go from 2D elements to volumetric elements provides two critical
features for the practical deployment of a block-based assembly system. The first is the
ability to flat-pack constituent parts to the target build area. This is highly relevant for in-
space assembly tasks, a prime application point for distributed assemblers [137], as launch
payloads for large assemblies are primarily volume limited. This is also relevant for on-
site construction automation, as it is similarly preferable to transport a flat-packed set of
parts than the equivalent final built volume. The second key feature is that an automated
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assembly system can enable substantially improved production throughput. While many
prior block-assembly works report high assembly speeds, they typically draw the assembly
boundary around the block-to-structure process such as in [71] or [89]. Though this can be
valid in many deployment scenarios, such as if reconfiguration from an existing library of
blocks is the dominant mode of assembly, it can also obscure a likely bottleneck for many
assembly scenarios, such as for on-site construction or in a manufacturing setting, where
we would most likely deploy the full face-to-block-to-structure pipeline.

To do this, we decompose the grouped voxel block into flat faces that can be assembled
using low degree of freedom operations: all parts are installed from the same direction, with
a final part that is inserted orthogonally to fully constrain the assembly. This is done using
a flexural latching feature. A long flexure is cut into the wall panel parts, such that we can
expect reasonably easy deflection in a wide range of materials. When the top face of the
block is placed, this flexure deflects inwards. As the top is slid backwards, the flexure will
eventually latch into place, preventing the block from self-disassembling. A detail view of
this feature is shown in Figure 6-7.

We can further simplify the assembly by reducing part count. This is done by considering
the intersecting faces of an edge connected octet lattice, simplifying into solid planar parts,
and removing select planes according to most likely loading scenarios. In this way, we can
build out our layers of voxel groupings from three part types that are repeated as necessary
to achieve the appropriate dimensions: a width part, a length part, and a top part, as
shown in Figures 6-2 and 6-5. In a 3x2x1 block, for example, we would need two length
parts (three voxels long), three width parts (two voxels wide), and a single top part with
a 3x2 pattern to constrain it. Staggered blocks are then made by pre-stacking constituent
blocks at the appropriate location.

This decomposition also nests effectively on a 2D plane, which means that we can process it
using cutting methods without wasting substantial material. The nesting efficiency will of
course depend on the lattice pitch relative to the sheet stock size as this could substantially
impact cutting margins, but assuming a 10 mm margin along the sides of the part, we hit
a continuum packing efficiency of over 96%. The top-type part has voids and, if fabricated
as a single part, is designed to be made via a net shape process, such as 3D printing or
injection molding. By default it is a 2.5D design, but the non-planar elements function as
spacers and are not critical. If necessary for the application, the top part may be directly
fabricated as one part from sheet stock, which will produce substantial off-cuts, or it may
be fabricated in sections or with stiffeners, which will introduce pre-assembly steps, but can
minimize material usage, an example of which is shown in Figure 6-4.

For a truss lattice, we can directly hollow out the faces of width- and length-type parts
and use a net-shape fabrication method. As with the top-type part, this is also portable
to subtractive processes without substantially increasing fabrication waste if we are willing
to introduce additional assembly steps to the process. This gives us three main levers with
which to modify the performance of the block itself: the base material, the thickness of
the parts, and the overall fill volume. This represents a substantial design space, which is
discussed in more detail later in this chapter. In this thesis, we show versions of the lattice
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Figure 6-2: (Left) Assembly sequence of a 2x2x1 voxel. (Right) The fully assembled voxel.

made from plywood, aluminum, and various plastics, with different material thickness and
fill volumes.

To form base layers, we add two families of base voxel parts. The first is shown in Figure
6-3 C and D and is essentially a version of the voxel block without the the pyramidal or
snap features. This way, it can rest flat on the ground or provide a base with protruding
sharp objects. A second version of a base voxel is shown in Figure 6-8, which incorporates
the dove tail joints for both the top and the bottom surface. This allows tensile load
transmission along the bottom layer of a voxel structure, which is very significant for bending
performance. This voxel is sized at half the height of the lattice pitch, so as the occupy less
space.

(I will pause here to note that while in this thesis, parts with voids are primarily fabricated
through additive processes, this does not mean in real deployment these parts would be
limited to only plastic or FRP parts! There are a wide range of mature (and immature)
commercial processes which could produce these parts in a range of materials that are simply
beyond the scope of this thesis. For example, custom-profile aluminum or steel extrusion
processes could produce any of the parts used here, but because of the initial tooling cost,
this would be more appropriate for a commercial and not an academic setting. Alternatively,
the continuous carbon fiber process employed in [46] could be applied to these parts, but
would require a dedicated machine for fabrication and so is once more out of scope.)

I will also show here a few of the design iterations that led to the current planar voxel
block, as this may be useful to the key audience of this thesis, the future CBA student.
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Figure 6-3: A) Upright 2x2x1 wood voxel. B) Upside down voxel, showing the snap fits.
C) and D) Views of the flat-base style voxel, used for the first layer of a structure (or any
other layer where a flat surface is desirable).

156



Figure 6-4: Views of a 2x3x1 aluminum voxel. A) and B) side views. C) Detail view of the
snap-feature. D) Side-view of a reinforced top part.

Figure 6-5: Flat layout of the part of a 2x3x1 aluminum voxel block.
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Figure 6-6: A 3D printed PLA compounded voxel block with hollow, or truss, walls.
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Figure 6-7: Close-up view of the flexural installation point of the voxel top surface. Solid
line indicates installation direction while the dotted line points out the lateral egde that
holds the voxel parts in place.
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Figure 6-8: A second voxel-base style with the dovetail feature along the bottom as well;
this design is better suited for bending loads as the dovetail layer provides a surface to
transmit the tensile load over.

Figure 6-9: A half-base style plywood voxel viewed from below. The dovetail joints transmit
tensile loads along this surface.
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Figure 6-10: Close-up view of the snap fits on a wooden voxel.
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Figure 6-11: Some earlier attempts at the robotically assemble-able flat stock voxel which
employed external walls as the final locking mechanism. The 3D version of the wall is lipped
to provide a decent seal.

Figure 6-11 shows two generations of a vertically assembly voxel system, where all of the
parts, except for the walls, are installed vertically, with the walls popped on laterally as
a final installation constraint. There were a handful of issues with this generation of the
design: the large quantity of parts, many of which are unique, and the reliance on snap
fit joints between the faces introduces constraints on load-bearing, base-material options,
and joint footprint. What this generation has that is quite nice is an integrated wall panel
system compatible with robotic placement. I also realized that while structural loads were
primarily being transmitted through the walls, the robot’s weight was loading only onto
the much more compliant lattice underneath. This prompted the above described design,
where we much more heavily leverage a panels based system.

6.2.2 MILAbot v2

Many large-scale digital fabrication systems are ultimately constrained by the size of the
machine itself. While mobile methods do not necessarily face this constraint, they often
introduce higher costs and slower build speeds coupled with less reliable and less precise
performance. To avoid this, we adopt a relative robotic assembly method (as discussed ad
naseuam in this thesis), where we deploy mobile robots that locomote and work directly on
the structure that they are assembling, deriving their global accuracy from their relative
relationship to the underlying structure. This allows us to build structures much larger than
the robot itself without introducing the need for advanced sensing and feedback systems, as
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Figure 6-12: Two MILAbots on a wooden voxel structure

the accuracy of the robot derives from the predictable and inherently mechanically error-
correcting structure underneath it.

For this work, we extend on the system introduced in [163], the Modular Inchworm Lattice
Assembler robot, or MILAbot, to improve its reliability and scalability. The MILAbot v2
is built around a custom actuator module that uses a BLDC gimbal motor and an off-
the-shelf harmonic reduction for closed loop control. The robot weighs 4.5 kg, and with a
single payload gripper, carries a payload of up to 1.75 kg (depending on the moment arm
extension). The maximum joint speed is 120 rpm, which corresponds to an average time
of 9 seconds per movement type, where a movement is defined as e.g. a full step forward,
a voxel-block placement, etc. This speed is relatively consistent as most of the movements
traverse a similar amount of space.

MILAbot v2 Implementation Details

This subsection details the implementation of the MILAbot V2 and is intended to give a
perhaps suitable overview to someone looking to recreate the system.

We use a GM3506 gimbal motor from iFlight coupled with a harmonic reducer, either
the PGFUN NEMA17 100:1 harmonic reducer or the SITO drive HD-08 100:1 harmonic
reducer. The NEMA17 reducer is a bit cheaper and much heavier, though which one we
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Figure 6-13: All of the parts (aside from PCBs) for a MILAbot build.
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use is primarily driven by lead times and availability. In the MILAbot v1, we used 3D
printed reductions to avoid this supply chain dependency, but within this packaging size,
we were at the bleeding edge of performance for plastic 3D printed parts (intermittent 15
Nm loads)— this of course leaves a wonderful open spot for future work: the development of
a non-plastic self-manufacturable reduction from 10:1 to 150:1, possibly backdrivable, and
not too expensive. In the MILAbot v1, we implemented feedback on the motor shaft and on
the output shaft by placing these off-axis from one another. This introduced collisions and
motion constraints that in retrospect I was perhaps overly cavalier about. For the MILAbot
v2, we move the feedback so that they are on the same axis, so as to satisfy our voxel-based
packaging constraints.

This is done by attaching a 3D printed shaft to the output of the harmonic drive and running
it backwards through the hollow shaft of the motor (we don’t need continuous rotation for
the robot anyways, so this is no loss). For closed-loop control of the motor, we use an AMT
encoder 102V, which is sized such that we can attach it to the output of the motor and still
maintain a hollow shaft space that the harmonic output shaft runs through. To this, we
attach a diametrically magnetized 6 mm diameter magnet whose position is then read by
the AS5047 magnetic encoder.

The motor is driven using a DRV8316 and SimpleFOC [160] running on an Adafruit Feather
M4 Express, which is a SAMD51 based microcontroller development board. Development
boards are in fact convenient to use, but, to the future CBA student looking for nice task to
do, perhaps lay this all out as a single board with tighter packaging, something which I have
so far not been able to bring myself to do, but which would improve the overall envelope of
each module and likely reduce BOM cost per board by about 10-15 USD.
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Figure 6-14: The motor module in the MILAbot v2. The lower image shows a cutaway
view of the module model to show the feedback pass-through mechanism.
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disengaged

Figure 6-15: Locomotion gripper of the MILAbot v2 with the engaged/disengaged states
noted.

We run a position-based PID loop on top of SimpleFOC to drive the actuator to desired
output positions. The actuator module is set up to receive commands over 12C (desired
position and such) and to report back encoder position readings. This represents a minimal,
though functional, communications set. I don’t expose e.g. actuator speed, PID gains, etc.
for online tuning because it seems unnecessary. It is left as an exercise for the reader, if it
is truly desired.

The MILAbot also utilizes spacer modules. For the v2, we have three types: a single voxel
height spacer, a double voxel height spacer, and spacers to the gripper feet. Why multiple
modules when one would work? Because it’s faster to assemble. If you are working on a
self-assembling version of this, then switch to one passive-style spacer, easy. These spacer
modules are cut from a mix of 1.5 mm and 3 mm 6061 aluminum. In the MILAbot v1, I
did some of the equivalents of these out of 5052 to save a few bucks, and they failed where
the 6061 ones did not! Lesson learned.

From there, we have two gripper types: voxel grippers/feet, and payload grippers. The
feet, which I usually refer to as grippers, despite the ambiguity, are what cap the ends
of the MILAbot and are for locomoting over the voxel structure. The grippers are what
make or break the robot, and throughout this PhD, I have probably not spent enough time
with them relative to other subsystems. The grippers are controlled through either a XTAO
RP2040 based board, or an ATTiny1624 based board, and feature a similar control interface
to the actuator modules.

The voxel grippers in the MILAbot v2 are designed primarily to locomote over a 2-wide
voxel profile, though if necessary, can be rotated orthogonally to locomote over a 1-wide
voxel profile. This is in contrast with the MILAbot v1 grippers, which necessitate a 2x2
voxel space for a successful step. This does, however, tradeoff some rigidity, and in practice,
we do not often need the narrowness of the gripper.
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Figure 6-16: A) View of the Elevator robot installed onto a voxel stack. B) Image of the
robot showing the two driven wheels.

The mechanism in the gripper is based on latching features, or ”toes” which are driven
using a hobby servo with a rack and pinion to extend/retract under voxel beams. This
mechanism slides on MGNY7 rail (from BulkMan3D) and the toes are cut from 1.5 mm thick
aluminum, with a slight chamfer to permit z-axis error correction and tolerance. The base
of the foot consists of pyramidal features designed to index into the top surface of the voxel.
The size of these alignment cones permits + 25 mm of x-y placement error.

The payload gripper for the MILAbot v2, which could be duplicated to increase carrying
capacity, consists of a simple hobby-servo based mechanism which latches into the central
negative space of a 2x2 voxel array. This gripper is attached to the passive spacers between
the main robot body and the grippers and is crained away such that the payload gripper
is aligned with 3.5 voxel spaces behind the foot gripper. This allows payload gripping at
a variety of voxel block orientations (if you imagine a 4x2xN block, there are 2 available
gripping points and 3 accessible gripping orientations).

Finally, as the robot receives commands over WiFi, a robot must have a central, Wi-Fi
enabled board. We use the same board as in the MILAbot v1, which is built around a
Seeed Studio XIAO ESP32C3 board.

6.2.3 Elevator Robot

To improve the throughput of the system, as discussed in Chapters 4 and 5, we have
developed an Elevator robot for feeding voxels to the MILAbot over vertical distances.
As the MILAbot needs stairs to traverse up and down, the existence of an Elevator robot
enables the assembly of towers and walls with flat edges. The Elevator is designed to operate
like a rack and pinion gear system where the underlying voxels act like the rack. Two large
wheels, designed to index into the voxel negative space underneath, are driven using geared
DC motors to allow the robot to traverse up and down. The Elevator can support significant
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Figure 6-17: The planning software, which ingests a mesh, voxelizes it, groups it into
structurally stable and assemble-able blocks, sequences the planning, and simulates/controls
the robotic assembly. Image from Alessio Zazo.

loads (including an entire MILAbot); the limiting factor in transport is the lateral bending
load that this exerts on the underlying voxels, which is supported primarily through the
snap-joints, the weakest interface in the system.

6.2.4 Planning

For the software, Alessio Zazo developed a physics-aware digital twin and planning platform
for robotic voxel assembly that is summarized here. The software models the stability and
kinematics of the MILAbot v2 robot and voxel structures, then uses reinforcement learn-
ing to generate build sequences that maintain structural stability throughout construction,
accounting for the robot’s own weight as it places blocks. It includes a deterministic algo-
rithm that modifies unbuildable geometries into buildable ones. The entire pipeline runs
in a browser-based platform that voxelizes meshes, verifies physics, plans and simulates
build sequences, and can directly command the physical robot to execute builds. This is
diagrammatically shown in Figure 6-17.

6.3 Results

6.3.1 Mechanical Performance

We have characterized the performance of smaller sub-assemblies of the compounded voxel,
as well as individual component parts so that we can better extrapolate out the performance
of larger scale structures. The compounded voxel block system behaves differently under
different loading conditions and assemblies, as the joint system introduces considerable
anisotropy. Although this introduces additional complexity in modeling the system, it does
not necessarily substantially limit the application of these blocks, as a real structure will
not be subject to arbitrary loads in all directions, and we have many levers with which to
modify the performance of the blocks or their placement in a structure.
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The compression behavior of the block system is very good, as we would expect, as it
generally loads the joints along the axis where they have the most load bearing capacity.
These results are summarized in Table 6.1 for the tested materials, which are 3D printed
PLA and PHA, in a truss-style face and in a plate-style face, as well as 3.2 mm thick 3-ply
baltic birch plywood and 1 mm thick 5052 aluminum. The 3.2 mm plywood voxel achieves
a compressive modulus of 100.9 MPa at a density of 80.6 kgCOse/kg, which is about five
times higher modulus at the same density as the 3D printed PLA octet system from Chapter
5. This improvement comes from both the switch to plywood as well as the use of a solid
face. We can see this impact more clearly if we compare between equivalent materials, as
shown in Figure 6-18. The switch from the monolithic 3D printed voxel to the assembled
design results in a lighter structure with similar stiffness. We see minor improvements
in specific modulus between these two generations. The switch from truss to solid plate
introduces much more improvement to the specific modulus: a bit over two times higher
specific modulus can be seen between the solid plate face PLA versus the hollowed out truss
face PLA voxel blocks.

. Specific
Material 121/{/?3;1)1 us I(iegr;s;‘lcgf ) Modulus
(MPa/(kg/m?*))

PHA truss 27.5 66.4 0.4

PLA truss 13.7 67.9 0.2

PLA plate 39.4 88.9 0.4

Plywood 3.2 9 80.6 1.3

mm

5051 alu- g9 ¢ 100.0 0.4

minum 1 mm

Table 6.1: Material properties comparison

The tensile and shear behavior of the blocks is primarily determined by the snap fit joints.
The strength and stiffness of these joints can be modulated through the design of the
snap fit, though the need to keep the voxels robotically assembled introduces limits on the
installation force of the blocks, which must be less than the force exerted by the weight of
the robot, as well as the extension of the snap fit from the body, which must stay within the
alignment cones to facilitate assembly. This is also constrained by the need or desire to keep
the system reconfigurable. While we could strengthen and stiffen the snap fits more than
what is demonstrated here, it would be difficult to do so and still meet these requirements.

Because in tension the blocks primarily load onto the snap fit joints, the structure is much
more compliant, weaker, and fails at lower amounts of deflection. The plywood blocks have
a tensile modulus of 5.7 MPa, and a single snap fit supports a peak load of 40 N. The
plywood snap fits cannot support multiple load-unload cycles without failing, however, the
friction of the system is fairly high, so even after complete failure of the overhanging snap
element, each joint supports up to 7.8 N before complete disengagement. The 1 mm thick
5052 aluminum is designed with a stronger snap fit that supports a peak load of 68 N per
snap fit joint. However, the joint is poorly designed in that it enters the plastic deformation
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Figure 6-18: (Left) Compressive modulus vs density for the 3D printed PLA and PHA
voxels from this chapter as well as the earlier design. (Right) The specific modulus of these
voxels, with the prior monolithically printed voxels in light blue and the assembled voxels
from this chapter in dark blue.

region of the snap fit, and upon deinstallation, will deform the joint such that there is
almost no holding force. This is because it was dimensioned for 6061 instead of 5052. The
joints can can be manually fixed, but future revisions should take care to keep the system
within the elastic regime.

Allowing the blocks to carry much less tensile load keeps the structures reconfigurable.
By designing in alternate joint systems, we can still enable good load transfer to support
bending loads. The dove tail joints along the top or bottom surfaces allow tensile loads to
be transmitted along those planes. Staggering the blocks in a brick-wall style layout then
allows shear loads to be transmitted through the snap-fit joints sufficiently to engage the
dovetails. Under bending, the dove tail joints carry the tensile load while the opposite side
jams to support a compressive load.

We can use the strength of these joints to estimate the bending capacity of beams made
from these compounded voxel blocks. Although the dove tails we used are primarily 3D-
printed PLA, typically at 15% infill, we can fabricate these out of a range of materials and
introduce stiffeners into the top voxel part as done for some of the aluminum voxels to
modify the performance of these joints. Single dovetails were tested in a range of materials
(results are summarized in Table 6.2). The basic printed PLA joint supports a peak load
of 583 N, the 1.6 mm aluminum version support 1117 N, the steel version support 1654 N,
and the plywood versions support 151 N and 257 N depending on orientation relative to
the external grain. Because the top design is by default 6 mm thick (although this can be
modified), this means we can increase the thickness of any of these dovetails up to 6 mm
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without modifying the robot grippers.

Alwminum Plywood Plywood
Test Tvpe PLA solid 6021 116 Mild steel | parallel orthogonal
YPE 1 infill 6 mm oo 32mm grain 3.2 | grain 3.2
min min
?ﬁ;gle Jomt | 53 1117 1654 151 257
2 wide, 1/2
load (N) 1166 2234 3308 302 514

Table 6.2: Joint strength comparison

Based on these results, we can estimate the dimensions of beams made from voxels with
different dovetail base materials under bending loads. For a residential application, we
consider a 4 m span under a 20 p.s.f and 100 p.s.f load based on the IBC regulations
for an unoccupied and occupied roof. We use half the ultimate load for the dovetail, as
summarized for each material in Table 6.2, for a 2-voxel wide beam and increase the height
of the beam’s cross section until it can span the 4 m gap. For the 20 p.s.f roof load, using
the PLA dovetail, we get to 3.5 x 2 voxel cross section or is 26.25 cm x 15 cm, which is
practical and workable set of dimensions. For a 100 p.s.f load instead, this would require
a 17 x 2 voxel cross section (127.5 cm x 15 ¢cm), which becomes impractical in the amount
of thickness it contributes. Switching to a 3.2 mm thick aluminum dove tail would allow
us to decrease that height to a 8.5 x 2 voxel cross section or 63.75 cm x 15 cm, which is
half that of the PLA system. A 6 mm aluminum dove tail would let us drop to a 4.5 x 2
voxel cross section, which is practical in terms of overall dimensions, assembly time, and
material use. If we further increase our span to 10 m, toward commercial applications, with
a 6 mm aluminum dove tail, we would need 26 x 2 voxel cross section (195 cm x 15 cm).
This, again, is likely too tall of a cross section for practical deployability, and would suggest
that we would need to revisit the voxel design for this application, and likely additionally
consider shaping the cross section, such as in a I-beam style shape, or as a truss, for better
performance.

The flexural stiffness of the system is also relevant for determining appropriate dimensions
and designs for the voxel system. We can first consider the performance of a beam composed
only of standard voxels, which only has the dovetails along the top surface. For a voxel
beam to stay assembled, we require a minimum height of two voxels, to introduce the brick
stagger. This means that under bending, although the bottom layer of voxels will separate,
the top surface of these acts as a constraint on the next level of blocks. We can see this with
a 3-point bending test on a 2-voxel tall, 2-voxel wide beam with a 5-voxel spacing between
the supports made from plywood voxels with PLA dovetails. The structural stiffness of
the beam is 0.48 kN/mm, which corresponds to a flexural modulus of 10.3 MPa for an
idealized version of the beam, which is substantially lower than its compressive modulus. If
we instead consider the cross-section of beam to be 1-voxel tall, as this corresponds to the
structurally active layer of voxels, converting from the structural stiffness to the flexural
modulus results in 100 MPa, equivalent to the compressive behavior. This means that we

171



Figure 6-19: Examples of mechanical testing set ups. A) and B) individual dovetail samples.
C) D) E) Compression testing examples for PHA, plywood, and aluminum. F) 3-point bend
test set up.

can build up voxel beams with an additional base layer of voxels to provide bending stiffness.

We can alternatively use the voxel bases that have dovetails on the bottom layer as well.
This means that we do not need to waste the material and space of building out an additional
layer of voxel blocks. We repeat the same 3-point bending test but using 1 mm thick 5052
aluminum voxels with the bottom layer made from the half-height double sided voxel bases
with aluminum stiffeners in the top faces. This gives a structural stiffness of 0.51 kN/mm,
which corresponds to a flexural modulus of 33.7 MPa, which is 84% the value of the measure
compressive modulus, which indicates reasonable approximation of a continuum version of
the beam.

These are relatively short beams and the presence of additional joints could introduce
additional compliance or slop. To evaluate this, we fabricated a longer beam from the
standard plywood voxel with a 2-voxel by 2-voxel cross-section and a 25-voxel long (1.875
m) spacing between the supports. The supports are also voxels, building out a small bridging
structure. To approximate a bending test, we measure the displacement at the midpoint
with calipers with increasingly heavy cylindrical weights placed on top. We then back out
the stiffness from that. This results in a 9.7 MPa flexural modulus, which is 94% the value
of the shorter beam. This suggests that we can extrapolate out the stiffness/modulus values
from the smaller scale tests.

Using this beam, we can test another method for improving the bending behavior: post-
tensioning. We fabricate two 1.6 aluminum plates that hang onto the ends of the beam that
we fasten two M5 threaded rods through so that they run along the base of the voxels. For
this test, I first inverted and loaded the beam with 4 kg of weight and tightened the rods to
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Figure 6-20: (Left) Post tensioned beam with human load. (Right) Testing the tiny house.

finger-tight. The beam is then unloaded and placed right-side up. The measured structural
stiffness of this beam is 60.2 MPa, which is about 60% that of the compressive modulus,
while increasing the weight of the structure by 13%. This improvement is with a fairly
approximate methodology, and we could likely improve the performance. The beam, with
an additional voxel layer, is shown in Figure 6-20. Post-tensioning is a relatively simple
operation, which could be replicated to improve the tensile performance of the beams as
well.

Using the results of the post-tensioned beam, we can evaluate its suitability for a building
application. For this, we consider a 5 m span, similar to Chapter 5, and consider both
the equivalent loading scenario from Chapter 5 (20 p.s.f) and the higher 100 p.s.f loading
scenario for an occupied roof. Using a simplified beam model, for a simply supported beam,
we calculate the required height of the voxel beam cross section to meet L/360 maximum
deflection criteria. For the 20 p.s.f load, we meet this at a 13 x 2 voxel cross section, and
for the 100 p.s.f load condition, we meet it at a 21 x 2 voxel cross section. This is consistent
with the results for the expanded Miura voxel system from [139] analyzed in Chapter 5,
which has similar modulus and density values to this system. However, the material blend
for this system (plywood, PLA, and steel) has lower embodied carbon than the aluminum
sandwich composite used in that system.

Overall, the voxel block system described here performs competitively with other architected
lattice systems and outperforms other robotically assembled versions. Figure 6-21 plots the
compressive modulus vs density for selected discrete lattice systems as well as continuously
manufactured microlattices from the literature. This shows that the voxels in this chapter
(and more broadly in this thesis) are competitive with other lattices, though because we
can support robotic assembly, are better suited to scale to larger structures.
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If we consider the specific modulus of these systems, we can see that the highest performing
continuous microlattice systems from [184] still outperform the highest performing discrete
lattice systems from [46] and [72] (at least if we use specific modulus as the comparison met-
ric). This suggests that voxel systems do still pay a penalty from the constraints of joint
systems, part manufacturing, and overall assembly processes. Adding robotic assembly as
a requirement introduces further constraints, and the system demonstrated here outper-
forms the next highest performing robotically assembled voxel system [71] by an order of
magnitude.

6.3.2 Basic Assembly

The MILAbot v2 performs a similar range of motions to the MILAbot v1 at slightly faster
speeds. Overall assembly processes are similar, but for the MILAbot v2, we permit the
loading of voxel blocks in alternate orientations to reduce the number of assembly movement

types.

2D to Voxel Block

We go from 2D faces to voxel blocks using a gripper end-effector, an assembly jig, and part
feeders. These are shown in Figure 6-23. The gripper end effector is designed with the same
mechanical interface as the top part of the voxels, which allows the robot to pick it up. It
is powered by an on-board 5V USB battery and controlled with an ESP32C3 Seeed XTAO,
which is WiFi enabled, allowing us to control the gripper from the same interface as the
robot. The gripper is a simply designed hobby servo driven pincer which can pick up the
flat 2D faces and insert them in the assembly jig (designed by undergraduate researcher
Ryan Hoffman), which uses flexural arms to help guide and stabilize the part. After placing
the body faces, the robot can drop off the gripper onto the underlying voxels and pick up
the top part using its standard grippers. This is then dropped on top of the 2D faces and
pressed /pushed into place. The block can then be removed. These steps are shown in Figure
6-24. Overall, the robot takes about 5 minutes per 2x2x1 voxel. This is volumetrically faster
than manual assembly of many prior voxel assembly systems, such as [91], but it is slower
than manual assembly for this design, where I average at about 30 seconds per 2x2x1 block.
The speed can be improved through faster operation of the robot (less pauses), parallelized
operation, or alternately a dedicated machine system could be used. Even at this rate,
assuming we can pre-assemble some voxels, this would not be a limiting factor.

Blocks to Structures

The MILAbot assembles blocks into structures by carrying a voxel block to a new position,
dropping it into place, and stepping on it to engage the snap fits. Depending on the stagger
of the block, the blocks can be tiled into almost arbitrary voxelized geometries, with the
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Figure 6-21: Compressive modulus (GPa) vs density (kgCOqe/kg) for selected discrete
(black dots) and continuous microlattices (grey dots). Systems which have been used for
robotic assembly are blue dots. Voxel systems from this thesis are bolded. The compounded
voxel block from this chapter demonstrates the highest modulus of a robotically assembled
system at a density competitive with manually assembled or continuously fabricated ap-

proaches.
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Figure 6-22: The specific modulus of selected architected lattices, both voxel and continu-
ously fabricated. Works from this thesis are in purple, and red dashed lines indicate robotic
assembly. The system in this chapter demonstrates order of magnitude higher specific mod-
ulus than the next robotically assembled system.
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Figure 6-23: 2D faces to voxel block assembly station.
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Figure 6-24: Stills from the 2D to block assembly process

greatest design limitation introduced by the accessible space of the robot itself. For example,
the steepness of stairs is limited by what the robot can reach.

The most basic, fundamental operation for the MILADbot is building out a base or first layer.
Starting from a set of “seed voxels” which at a minimum need to be 3x2 voxels in area,
with a step-down stagger, the MILAbot can extend out the structure. Lines are achieved
via block staggers along a single axis, while planes or joints are achieved through a two-axis
stagger. An example line assembly is shown in Figure 6-25.

The MILAbots are generally run so that they start from separate voxel feeds and can
assemble outwards to join their structures. An example of this is shown in Figure 6-26,
where we operate both robots at once to build out half of the first layer of the prototype
tiny house. This example also points to a current limitation of the system: we do not a clean
mechanism for fixing the first layer down to the ground, so in practice we add additional
flanges off of the seed voxels that weights can be placed into to stabilize the structure as
it is being built. Even so, this build still resulted in a small gap at the seam, which the
robots were able to close as it fell within the alignment cones of the voxels, and because the
structure is small enough for a single robot to deform. For larger structures, with larger
seams, this is likely to become a critical failure point.

Once a first layer is established, the robots can extend the structure by placing single
layer, double layer, or additional staggered blocks. These can and should be interleaved for
additional stability. Figure 6-27 shows an example build of the filetted features at the base
of the tiny house structure, where two robots place staggered blocks to form an interleaved
seam.
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Figure 6-25: Assembling a line on the ground as a base layer.
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Figure 6-26: Two robots assembling a base layer

The process of assembling a first or base layer is akin to that of doing overhanging or
cantilevered features. The voxels are able to support relatively long cantilevers as the
dovetail joints are loaded in tension by the robot weight. The limiting factor is the torque
applied to the joints at the base of the cantilever or in the corbeled featured, as this loads
the snap fit joints. An example build of a cantilever is shown in Figure 6-28. Here, the
robot creates a 9-voxel long (or 675 mm) overhang, which is the limit before the snap fit
joints started pulling out. This amount of overhang means that two robots in concert can
create a 1.35 m span, which can be extended through increasing the size of the corbel. This
amount of span is sufficient for a wide range of applications, for example, it exceeds the
distance required for standard stud framing spacing.

However, this span is likely still insufficient for many applications, as we likely do not want to
accept the need for a column support every 1.35 m. To extend this, we have several options.
The first, as mentioned, is to rely on the corbel to steadily build out a supported overhang,
though this will also run into limitations and is not highly material efficient. The next
option is to develop robot maneuvers which more thoughtfully load the structure. That
is, current maneuvers swing out the voxel payload from the structure, creating dynamic
moment arms that are the cause of structural failure. It is likely possible to extend the
overhang range via inline and gentle movements. The last option, which holds the greatest
promise toward extending the functionality of the system, is to post tension through the
anchor point of the cantilever and the tower that it rests on. For a real structure, we would
likely want to do this anyways, as e.g. wind loads on a roof could disassemble the voxels.
This would eliminate the failure mode and likely push it to the failure load of the dovetails
instead.
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Figure 6-27: Assembling a staircase

181



s

Figure 6-28: Assembling an overhang.
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6.3.3 Demonstration Structures
Prototype House

The robotic assembly system we have developed holds promise for architectural scale appli-
cations. We have demonstrated a route toward fast, cost effective, and sustainable construc-
tion using low cost robots and almost arbitrary materials. While this is motivated by the
general challenges of large-scale digital fabriction, much of the work of this chapter is also
motivated by a specific collaboration we have with Druk Holding and Investments (DHI),
Bhutan’s sovereign wealth fund, around sustainable robotic construction. From DHI: ” This
initiative supports the vision of the Gelephu Mindfulness City (GMC), and advances DHI’s
10X Roadmap to catalyze national transformation through technology, talent and global
partnerships. The project will be operated through the Multi-Channel Innovation Fund
(MCIF), a key initiative under DHI’s Innovation Strategy to establish innovation as a pillar
of Bhutan’s economy. The agreement, spearheaded by the Jigme Namgyel Wangchuck Su-
per Fablab (JNWSFL) within DHI’s InnoTech Department, will explore advanced robotics
and engineering, blending Bhutanese traditional architecture with modern design and fab-
rication technologies. By collaborating closely with MIT researchers, this initiative aims
to position Bhutan and GMC at the forefront of sustainable and intelligent construction
systems.”

The goal of this project is to autonomously deploy architecture-scale structures made using
locally produced materials and local FabLab produced robots. To this end, we have built
a2mx 2mx 2m prototype tiny house as a small, though at scale, construction artifact.
This structure is made from predominantly plywood-based voxel blocks, using either PLA or
PHA (as developed by Crafting Plastics!/Vlasta Kubusova) for the top parts. It additionally
features a decorative, breeze-block style PHA window.

Along with the base structure, we fabricated an archway and a load bearing bench as
additional artifacts for the FAB26 conference held at MIT, where people were free to
use/disassemble the bench and engage with the other structures. These structures were
assembled manually from some robotically assemble sub-components, and this points to-
wards another potential deployment method where we might prefabricate e.g. wall panels,
roof joists, etc. robotically, but still assemble these larger elements together manually, which
is a fairly easy process as the block system is lightweight and error correcting. Through
this assembly and hands-on design process, the tiny house has been assembled, disassem-
bled, and reassembled into its component parts at least twice for the entire structure, and
more for some of the sub-assemblies from testing the robots. This also points toward the
reconfigurability of the structure as a real feature that could open doors toward different
types and functions of structures.

The tiny house is also partially clad in a bioplastic cellular skin system designed with a
Bhutanese geometric pattern. This was developed by Crafting Plastics!/Vlasta Kubusova
for this installation, and while in this iteration it functions primarily as an aesthetic feature,
it points towards another significant area of future work considering how we enclose or skin
voxel structures.
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Figure 6-30: A) Detail view of bioplastic cladding with decorative Bhutanese inspired geo-
metric design. B) Front of the the tiny house with example cellulur cladding. C) Archway

and bench next to house. Photos from Vlasta Kubusova.
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Voxel Vehicle

With Toyota, we have also been exploring using voxel systems for reconfigurable mobility.
Specifically, we are working on a voxelized concept of the Kids Mobility vehicle, which is a
child sized demo vehicle. We are developing this around the idea of a vehicle whose shape
can be endlessly reconfigured as demands change. Starting with the Kids Mobility concept,
we can imagine a car that grows as the child grows. Expanding from that, we might envision
a sedan that could morph between a two-seater or a 4-seater, or an SUV which adds and
removes vehicle footprint as appropriate for each trip. These are all very conceptual, but
we are starting with some basic proof-of-concept demos. We have produced, using the same
building system as the Bhutanese house, two iterations of reconfigurable mini-cars. These
are sized based on the dimensions of a Kids Mobility vehicle for a child in the 7-9 year
age range, which roughly corresponded to the size of wheels and axles more commonly
marketed for go-karts, so the vehicle design was revisited to support this external hardware.
We used these cars as an opportunity to explore manual fabrication for these systems. With
the aluminum car, I was able to snap together the chassis in under 2.5 minutes. This is,
for better or worse, much faster than the robot. The chassis was then disassembled (7.5
minutes), reassembled, disassembled, and reassembled again. The plywwood car was then
also built, as the three-point bend testing had revealed essentially equivalent load capacity
as the aluminum version.

6.4 Future Work and Limitations

The goal of this work is to reach closer toward a future where we can sustainably build high-
performance structures using locally available materials. So far, we have demonstrated in a
controlled, lab environment the assembly of full-scale, though small and incomplete, versions
of relevant structures, such as temporary buildings or furniture. These demonstrations, and
the preceding comparative studies, indicate the potential for this kind of building system
for large-scale applications, but they largely do not verify or validate this potential.

Our immediate next steps are around outdoor, in-situ testing of the assembly system in
Bhutan, where we will assemble a structure similar in scale to the tiny house and evaluate
its longer term, outdoor performance. This will likely be targeted toward building e.g. a
bus stop, or other small-scale public infrastructure, such as seating for parks or pavilions
for outdoor market places. This will help us evaluate the performance of the structure in a
realistic environment over a longer period of time.

However, this will still leave many important performance metrics unevaluated. Our goal
with this system is to be able to eventually build actual buildings and there is a long way
to go to that. Some example concept art from Alessio Zazo and Amira Abdel-Rahman is
shown in Figure 6-35. This will require evaluating and understanding the voxel behavior
under larger loads, its fire performance, thermal or hygroscopic behaviors, and more. It will
also require developing insulation, sealing, and cladding methods for the voxel system, as
well as potentially better methods for interpolating slopes and curves.
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Figure 6-31: A) Kids mobility vehicle concept from Toyota. B) Coarsely voxelized version.
C) Assembled main chassis under operation.
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Figure 6-32: The two assembled mini-voxel cars.
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Figure 6-33: (Left) Aluminum voxel car. (Right) Wood voxel car with model (image: Vlasta
Kubusova).
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Figure 6-34: Concept art of temporary voxel structures. Background images from Bhutan
GMC.

Figure 6-35: Building-scale voxel assembly concepts. (Left) Planning and simulation.
(Right) Rendered concept art. Images by Alessio Zazo and Amira Abdel-Rahman.

188



In the nearer term, there are many immediate nexts with this robot material system.

e Post-tensioning: We have prototyped post-tensioning a voxel structure and it holds
promise as a reversible method to constrain final degrees of freedom in the structure
without adding significant mass or labor. It also opens questions about whether
this can or should be automated by the robot, and whether or not we can do more

intelligent routing of tendons throughout a structure for improved performance.

e Robot feeds and heterogenous swarms: We still manually feed in voxels to the system
and this is a significant bottleneck. Additionally, we can consider the prefabricated
assembly of larger subcomponents and how the MILAbots, or a different morphology

of robot, might be able to work these.

e Anchoring and seams: While we can build out a first layer, we do not yet have
automated methods for anchoring to a foundation. We can leave this as a manual
task, but it then introduces the very significant problem that the initial anchor points
need to be accurate enough for a segregated robot swarm to close the seams of their
assembly sections. Alternate approaches may be to introduce compliant seam voxels,
metrology for the robots, or planning methods that allow the robots to start closing

seams earlier, and progressively.

e Robot planning: There is still much more space to explore in the planning and coordi-
nation of these robots, which has not been a focus of this thesis. More physics aware
planning (and design), better feedback systems, and planning algorithms that permit

(or handle) robot intersections will likely boost the performance of the system.

e Skin systems and insulation: A real building (though not all functional structures)
will require a real seal around the structure. Prior CBA work has explored cellular
skins, akin to feathers or scales, over voxel structures. This approach, while suitable
for creating certain prototype airfoil surfaces, is unlikely to ever provide sufficient
sealing in a variety of conditions for real building applications without some form
of real sealant. However, there are likely applications where this could still provide
benefit. One step larger would be to consider panelized skins that serve to additionally
interlock the voxels and provide tensile carrying ability. This once more, is likely to
create problem areas around the seams for sealing, but will at least provide structural
benefit. One step larger from that still would be to consider continuous membrane
options, akin to house wrap, placed directly over the voxels, which could still provide
tensile load carrying ability. The more ”standard” option would be to simply treat
the voxels as framing elements, and add insulation, sheathing, sealing, and cladding

fairly normally, as is done in the estimates in Chapter 5.

e Material production: We have created a design pattern which is fairly material and
production method agnostic. However, a goal of the project is to produce these voxels
from locally sourced, and potentially locally synthesized materials, and that has not
yet been realized, and is beyond the scope of this thesis. However, building out
this capability would be very exciting toward realizing a highly localized, yet precise,

method of building.
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Chapter 7

Conclusion

This thesis aims to advance large-scale digital fabrication not by building larger or more
precise machines, but by embedding the logic of construction into the building material
itself. Just as the shift from analog to digital computation moved reliability out of imperfect
hardware and into an error-correcting encoding, this work treats the discrete building block
as the carrier of the structural, manufacturing, assembly, and functional logic that large-
scale fabrication has conventionally demanded of the machine. By embedding this logic into
the material system, we substantially reduce the demands on the robotic systems, enabling
assembly by simpler and more parallelizable robots. While prior work considered elements of
the voxel’s performance in isolation: structural performance without considering assembly,
assembly in the absence of structural performance, geometry without manufacturability, and
so on, this work considers each of these elements together and seeks to unify their function
within the voxel block design, enabling faster, cheaper and more sustainable assembly of
large scale structures. This way, the practical application of voxel systems for large scale
assembly becomes much more realizable.

Material production across industries contributes about 40% of global greenhouse gas emis-
sions [3]. A practical approach to reducing that is by reducing the amount of material
that we use through more structurally efficient building geometries. However, it’s often
prohibitively expensive to design and build more optimized structures. By developing fab-
rication methods where cost is decoupled from geometric complexity, as digital fabrication
in general promises to do, we can enable a future where structures are much more optimally
built, reducing the embodied carbon without sacrificing performance. This thesis advances
this goal through the development of these fabrication-aware voxel block systems, which can
be cost-effectively assembled into meaningfully load-bearing structures using low-embodied
carbon materials.

In the preceding chapters, this principle was developed in several dimensions. Electronics-
integrated voxels demonstrated that power, signal, and computation could be routed
through the block itself, enabling the direct-write fabrication of electromechanical struc-
tures (Chapter 2). We used these blocks to (re)assemble a set of reconfigurable, interactive
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electronic furniture-scale structures, such as a dance floor and force-sensing bridge, with-
out loss of mechanical or electrical function, demonstrating how we might one day create
large-scale electromechanical structures in a simple, building block based approach. These
functional blocks were then used to build modular robots capable of assembling further
robots, a step toward recursive, self-scaling assembly (Chapter 3). We used a first robot
to assemble a second 6 DoF assembler robot and used these to demonstrate collabora-
tive assembly of load-bearing cm-scale primitives, as well as a modular quadcopter and
quadruped. To advance in size-scale, hierarchical interlocking voxel architectures and a
new modular assembler were introduced to increase assembly throughput and mechanical
efficiency while keeping the material system manufacturable from flat feedstock across a
range of materials (Chapters 4, 5, and 6). This system improves throughput relative to cost
compared to prior voxel assembly system by more than an order of magnitude. Similarly,
compared to existing gantry and robotic arm approaches to additive manufacturing, these
new assembly systems can exceed their volumetric assembly rate at an order of magnitude
lower cost through parallelization. Finally, the system was evaluated at architectural scale,
both through a comparative study against existing construction methods and through the
assembly of load-bearing structures from reusable parts and renewable materials (Chapters
5 and 6). The comparative study demonstrated that voxel approaches can substantially
reduce the embodied carbon associated with building a given structure, especially com-
pared to concrete based approaches, while maintaining competitive costs and speeds, even
at prototype-level quantities of parts. In Chapter 6, we use these building block systems to
build a 2 m x 2 m x 2 m prototyping house element as a full-scale (though small) demon-
strator, and use the same material system for reconfigurable furniture elements and two
miniature cars.

Together, these results show that structural performance, error-correcting assembly,
material-agnostic manufacturing, and electronic function can each be embedded into a
single family of discrete building blocks. With this integration, the assembly robot can
then be simple, low-cost, and even self-assembled, enabling parallelized, distributed assem-
bly. This flips the conventional trajectory of large-scale fabrication, in which capability
is concentrated in increasingly large and expensive machines, and instead distributes that
capability into the matter being assembled. We have demonstrated robots can build not
only functional structures, but also other robots, all using a single family of material sys-
tems. Using this system, we might be able to some day assemble sustainable buildings and
infrastructure with integrated health monitoring, cars or drones where the wiring harness
is directly integrated into the mechanical structure, or even in-space infrastructure, such as
power utilities on the moon.

The underlying idea behind this is that by making physical material systems that behave
like computational ones, we may eventually be able to unlock greater performance, design
freedom, and production in the built world. This concept has been explored at the Cen-
ter for Bits and Atoms for a long time, which really starts with Kenny Cheung’s thesis,
which showed that we could build precise, high-performance structures from discrete com-
ponents. Revisiting the analogy between computation and physical materials, that work is
like creating the structural, physical equivalent of a bit: a dependable primitive that we can
build much larger systems on top of. Ben Jenett’s thesis extended on that concept to show
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variable mechanical properties through non-load bearing assembly with simpler assemblers,
which is somewhat akin to demonstrating an assembler, that is, a simple instruction set
translating directly into a physical assembly with programmable material properties. Each
step in this research lineage moves toward higher abstraction. What neither step addressed,
however, was the integration of these dimensions simultaneously, which is what’s needed
to advance to practical application, especially in a construction context. This thesis takes
the step of unifying structural performance, error-correcting assembly, material-agnostic
manufacturability, and electronic function within a single family of blocks. This addition
of these various functionalities into a single block system is not meant to only add new
features, but rather the interaction of each of these properties with each other is what ulti-
mately allows the system to scale, e.g. the structure carries the wiring, the wiring enables
the robot, and the robot assembles the structure. I have extended this work so that the
robot-material system now embodies sufficient logic to enable the cost-effective and fast
assembly of load-bearing structures made from a wide variety of materials. In keeping with
the computational analogy, this would be like developing a high-level language that works
across materials, like Python, in which much of the design intelligence has been abstracted
into the design of the system itself.

This work has so far been demonstrated at a lab scale and many critical functions remain ei-
ther untested or undeveloped for real world deployment. Namely, our structural verification
is first-order, and only considers a few basic loading cases. In a real structure, especially
a building, much more complex loading would be expected, including some consideration
of dynamic behavior, such as from seismic loads. Similarly, fire safety, thermal behavior,
or humidity effects are not considered and are critical considerations for building-scale de-
ployment. Certain features of the robotic system, such as how voxels or voxel parts are fed
into the system, are not developed during this work, but would need to be automated for
real deployment. The key features of this work have also been demonstrated by multiple
instantiations of a family of discrete block types, as opposed to truly a single library of
cross-compatible blocks. A future with force-aware bridges, or robots that merge into the
built architecture, or arbitrarily robotically (and manually) reconfigurable housing would
want a fully integrated version of this system, where within a single library of block types,
we might have electronic, structural, and robotic blocks of varying dimensions, possibly all
made from locally-sourced materials.

Future work looks toward addressing many of these gaps. The long-term performance of
these structures in a relevant environment should be evaluated, as should new systems for
insulation and for enclosing the structure. More complex and collaborative behaviors from
the robots could be explored to further boost performance. Alternate, locally-produced
material systems could be developed so that the voxel system might be arbitrarily deployable
in any build site. Methods of post-tensioning, whether with cables or with structural skin
systems, may provide a route toward highly material-efficient performance under tensile
loads. Together, this additional work would enable the transition from these lab-scale
demonstrations toward finished buildings or other infrastructure. Another parallel route of
future work is to consider where the current building system, which is reconfigurable, can
easily be assembled into almost arbitrary geometries, and does not have tooling costs, could
be deployed, such as in temporary structures, forming, shoring, and other such applications.
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As the technology continues to mature, it will also run into a regulatory environment that
will need to be navigated, as well as other standards-based barriers to entry. Future work,
in the lab and beyond, will need to look toward how to meet these regulations.

More broadly, this work points toward a construction paradigm in which the building block,
rather than the building machine, carries the logic of what is made. This provides a path to-
ward distributed, error-correcting, and self-scaling systems that build functional structures
with less material, less infrastructure, and greater freedom to adapt, reuse, and rebuild
over time. The goal of all of this work is to help realize a future where we can build more
complex and performant structures in a sustainable way.
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