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Additive manufacturing could improve the sustainability and efficiency of building construction, 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 environmental
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 results 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.

1. Introduction

The construction industry drives 38% of global greenhouse gas
emissions in energy [1], a significant problem, especially since con-
struction demand is projected to continue to increase [2]. 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 [3], while also improving
the overall efficiency of construction, which is currently low [4,5].
Although digital fabrication methods offer promise for improving the
sustainability and efficiency of manufacturing in other fields, such
as aerospace [6], they face additional challenges for building con-
struction due to large structure sizes and variable building environ-
ments [7]. 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 [8]. These systems rely on either very large ma-
chines, such as with concrete 3D printers [9], or repurposed industrial
robot arms, such as in [10], to manage error accumulation, and handle
heavy loads, but these fairly complex and inflexible automation systems
introduce additional challenges that can inhibit broad adoption [8].
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
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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 material 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 [11], similar to truss structures commonly used
for the construction 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 [12]. Recent work has demonstrated
the robotic assembly of meter-scale load bearing voxel structures [13],
while other recent work in [14] 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:

« Material efficiency and sustainability benefits due to voxel struc-
tural performance

« Reliable building tolerances through continuous error-correction
during the incremental assembly process
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- Efficient scalability through increasing robot quantities

« Low capital costs as the co-design of the robots and voxels enables
a simpler robotic system

- A future route to fully reconfigurable structures

In this work, we project the performance of voxel-based build-
ing 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 compat-
ible with robotic assembly. Using these, we evaluated the throughput
and cost of a mobile robotic assembly system in hardware, to de-
termine realistic time and cost estimates for voxel-based construction
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.

2. 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.

2.1. 3D printing systems

Of the continuous extrusion processes, 3D concrete printing, or
3DCP, currently commands the most research attention [15]. Multiple
buildings have been demonstrated with this methodology, including
multi-story buildings [16] and commercially available housing develop-
ments [17]. 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 [7]. 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 [18], and the composition of the concrete
used is typically more carbon-intensive than traditional concrete [19].
Although some studies have shown that 3DCP buildings have lower
embodied carbon values compared to standard reinforced concrete
buildings [18,19], this is derived in large part from the lack of steel
reinforcement, negatively affecting structural performance. Besides,
this contrasts with the predominant commercial use of this technol-
ogy, which uses the 3D printed structure primarily as a stay-in-place
formwork for traditional reinforced concrete [20,21], which results in
worse sustainability outcomes because of the inefficient use of material.
Additionally, many concrete printing blends have higher embodied
greenhouse gas emissions because of the higher cement and additive
concrete blends needed for printability [14].

Beyond these issues, concrete structures cannot be non-destructively
changed, such as running new utilities through a building or changing
interior wall layouts, and the material cannot be meaningfully recy-
cled [22]. Although concrete structures in general are often cited for
their durability [23], due to challenges in material formulation and
inter-layer bonding, these benefits may not fully extend to current
3DCP approaches [24]. And, though there is currently research on
methods for reinforcing extruded concrete, such as [25], these still face
significant challenges before deployment, which limits the application
of 3-D printing primarily to compression-only components. Even then,
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it is common for 3DCP to simply be used as formwork for standard
reinforced concrete [21], further lowering the value proposition of the
system.

Due to these challenges, there is active work on printing with more
sustainable materials, such as with earthen mixtures [22]. WASP, for
example, has demonstrated multiple buildings printed using a locally
produced earth mixture [26]. This work is still limited by the lack
of reinforcement, resulting in materials-intensive buildings, which can
negate some sustainability benefits [22]. Unlike standard concrete,
these structures offer the potential for recycling the base building
material, leading to a more circular lifespan [22].

Various other projects have explored printing beyond cementitious
materials, such as plastics and metals. [27] has demonstrated a bio-
based polymer single-story house for research purposes, while [28]
has demonstrated multiple spanning pedestrian bridges made of ther-
moplastic. [29] has demonstrated off-site printed truss lattices for
multiple architecture-scale pavilions, sculptures, and cladding. Addi-
tionally, [30] demonstrated a 3-D printed welded steel pedestrian
bridge, and on a similar scale, 3-D printed metal rocket parts have
been demonstrated [31]. 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 [30], or as large
modules, as in [28], which are then installed in situ. This represents a
similar workflow to prefabricated modular building units, but without
the benefits of mass-production [32].

2.2. Assembly-basedapproaches

Other large-scale construction platforms have explored assembly-
based approaches. Bricklaying has been automated by multiple groups,
such as [33], which uses a robot arm on a mobile base to place clay
bricks, or [34], 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 [35,36], and has been commercially deployed
by [37] for load-bearing framing. More uncommon material systems
have also been demonstrated, such as filament winding in [38]. Al-
though 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 expensive machines. These
limitations stem from the challenges of maintaining accuracy over
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 enve-
lope 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
[39]. 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 [39],
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 con-
struction site. Fully prefabricated housing modules, such as [40], have
existed on the market for some time, but are limited in their abil-
ity 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,
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such as for basement foundations [41]. Other methods, such as tilt-
up slabs [42] or stay-in-place insulated concrete formwork [43] 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 modular concrete systems. These can span a wide
range of finishes, complexities, and applications. At the simple end,
structural insulated panels are common in residential construction [44],
while many companies provide more finished panel systems as well.
Some of these more directly leverage robotic control or digital fabrica-
tion in their production processes to enable easier customization [45].
Using digital fabrication processes during the production of these larger
modular panels can additionally help enable future automation of
their assembly. [46] 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 [10].

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 [8]. Commercial examples of these types of
systems include [47] for bulldozing, or robots for drywall hanging [48].

2.3. Distributed robotics

Distributed robotic construction systems have been demonstrated to
build structures much larger than the individual assembler itself [49].
In a distributed robotic construction system, many mobile robots in-
dividually 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 [50] with foam
bricks, [51] with cables, or [52] with specially-designed concrete ma-
sonry, these face additional challenges in path planning, coordination,
and payload weight limits for flying systems. Alternatively, robots that
locomote over or through the structure are also common, such as [53],
where robots stack magnetic bricks, [54] where micro-robots assemble
carbon fiber trusses, or [55], 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 [46]. Examples
of this include [56], which explores using a relative robot to lay
continuous filament into larger wood panels toward the architectural
scale, and [57] 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 performance. However, some
systems have demonstrated the ability to support spanning structures.
Specifically, [13,58] demonstrate robotically assembled voxel systems
that are load-bearing. While [58] only demonstrates this for centimeter-
scale objects, [13] demonstrates a meter-scale structure assembled by
a 3-robot team over several days.

2.4. 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
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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 opportunities 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 better stiffness and strength scaling at light
weights [12], though much of this prior work has utilized microm-
eter to millimeter scale fabrication processes, such as two photon
lithography [59], which limits the application of these types of struc-
tures. 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
components can achieve equivalent mechanical properties using scaled-
up versions of the same geometries. This is demonstrated in [12],
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. [12] demonstrated superior stiffness results in
the ultra-lightweight regime compared to continuously manufactured
microlattices. Similarly, [60] demonstrates comparable performance to
hollow-tube metallic microlattices using injection molded fiber rein-
forced 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 [61] or [59], while spanning a range of unit cell sizes
from 15 mm [62] to 300 mm [13]. These systems have been used to
assemble structures on the single meter scale, such as bridges [63],
furniture [64], aerostructures [65], or vehicles [66].

These macro-scale assembly-based architected lattices achieve equi-
valent behavior to their continuously manufacturing micro-scale coun-
terparts because in both cases the overall behavior 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. [12]
for example, interleaves the structural face components to constrain
all but one degree of freedom, with a secondarily installed clip act-
ing as a shear constraint. [60] directly transmits loads through the
connectors, but uses steel screws and nuts, which are substantially
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 align-
ment between components, such as the quasi-kinematic surface features
from [60,63], or [13]. Larger assemblies additionally benefit from an
elastic averaging effect that lowers the overall error of the structure as
well [67].

Most of the prior discrete architected lattice systems have been
manually assembled, limiting their overall applicability. However, the
robotic systems in [13,58] 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 [68]. 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 [13], for example, manipulates blocks at a similar size to
the bricks in the commercial HadrianX [34] 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 [69]. Although these
prior voxel assembly systems were primarily developed for aerospace
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Fig. 1. Summary of the considered voxel types, indicating lattice pitch in mm, base material family, compressive modulus E in MPa, and density p in kgm 3.

applications, they also have potential for building construction. [14]
adapted the voxel system from [66] 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 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 ap-
plication. 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.

3. Methods

We proceed to compare 3-D printed concrete, precast modular rein-
forced 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 Fig.
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 (CO,e) for each ap-
proach, 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 C.3
in Appendix.

3.1. Voxel approaches

In this subsection, we assess the feasibility of using voxels to con-
struct 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 CO,e emissions,
cost, and assembly times for each approach.

3.1.1. 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 [14], much of the
prior voxel research has focused on applications outside of construc-
tion, so the systems are not necessarily optimized for the requirements
of building construction. Additionally, robotic assembly has not been
demonstrated for the majority of the evaluated voxel types, except the
voxels developed for this work and the voxels from [13].

The evaluated voxels span several lattice types and multiple mate-
rial and manufacturing families. These are summarized in Fig. 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 CO,e emissions were found is available in
Appendix A and summarized in Table 1.

Fig. 1A shows a 2 x 2 x 2 block of node-connected octets from [60]
made from polyetherimide (PEl, brand name Ultem 2200) plastic with
20% glass fiber reinforcement. [60] additionally 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.

Fig. 1 B, C, and D are all face-connected cuboctahedra (“cuboct”).
Fig. 1B is made of 30% glass reinforced nylon 66 (Zytel 70G33L).
We refer to this voxel as the GFRP cuboct. 1C is made from 50%
carbon fiber reinforced nylon (Stat-tech NN), which we refer to as the
CFRP cuboct. Fig. 1D (“bio-cuboct”) was developed in [14] as a more
sustainable version of the GFRP cuboct from [66], and is made from a
partially bio-based PTT with recycled carbon fiber reinforcement.

We evaluate three metals-based approaches from the literature. Fig.
1F depicts a reinforced Kelvin lattice made from laser-cut mild steel
from [62]. We include this lattice as an example lattice made from
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Table 1
Summary of carbon intensity,
modulus of all voxel types.
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specific modulus, unit cost, and cost relative to compressive

Voxel type Carbon Specific Unit Unit cost per
intensity modulus cost modulus
kgCO,ekg MPy 9 USD/ kg USD/ kg/ MPa

Aluminum Cuboct (G) 30 0.78 14 0.58

GFRP Node-octet (A) 12 0.45 40 1538

CFRP Node-octet (A) 19 137 172 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 (1) 2 1.09 7 0.06

Plywood Octet (J) 1 0.54 8 0.99

Extended unit cell
for self-alignment

Edge-connected
octet unit cell

Laterally pre-compounded voxel
block for robotic assembly

Voxel assembly with different pre-
compounded blocks highlighted

Fig. 2. Modified edge-connected octet lattice for voxel design.

Lateral stabilizers
SO,

Vertical connector

Vertical connection point

Octet alignment features

B

Fig. 3. Efficiently packable 2D decomposition of the extended edge octet unit cell.

purely 2D components which does not consider efficient material usage
in its production. Fig. 1G is of a reinforced aluminum cuboct lattice
with integrated electronics from [64]. 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. Fig. TH shows a discretely assembled plate
lattice from [70]. 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 Fig. 1E, while the
steel and wood versions are in 11 and 1J, respectively. These form an

edge-connected octet lattice, and are discussed in more depth in the
following section.

3.1.2. Voxel designsfor robotic assembly

We developed the three voxels shown in Fig. 1 E, |, and J for
compatibility with robotic assembly. The PLA octet is largely intended
as a prototyping tool for convenient use to test 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 ge-
ometry of semi-regular spatial tilings to form structurally-active self-
alignment features. Each face-connected cuboctahedral cell can also
be interpreted as face-centered cubic (FCC) octahedral voids. Fig. 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
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— Rotational joint

— Payload voxel grippers

— Base voxel gripper

Fig. 4. Inverse kinematics model and physical hardware of the modular inchworm lattice assembler robot (or MILAbot).

into larger structures, such as the 4x4x4 cube shown, with different
pre-compounded elements highlighted in different colors. To facilitate
faster robotic assembly, these extended fabrication unit cells are pre-
compounded into larger blocks, such as the 2x4x2 block shown in Fig.
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 installation 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 Fig. 3. Lateral stability is
provided by a combination 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 needing 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, [13] uses a custom symmetric rotational connector that is
actuated by a robot internal to the lattice, while [60] uses standard
screws, [66] uses rivets, and [62] 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 Appendix
B.

The nesting octet-cuboct structure creates cascading envelopes of
mechanical error correction that force newly placed voxel blocks into
the correct position, with the overall error governed by the manu-
facturing tolerances of the original lattice production method. In the
horizontal plane, the design permits errors up to g -2 K t, where
p is the lattice pitch, and ¢ 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 [63].

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 Fig. 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.

3.1.3. Robotic assembly system

To make more accurate projections about the assembly speed, cost,
and energy consumption 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 [58,68], and [13]. 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 Fig. 4 for
reference.

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 sta-
bility 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 [71-73] in
a similar manner to pre-production proposed in [10] or [46].

The MILAbot is controlled through a Web-based real-time digital
twin simulation tool, as shown in Fig. 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
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of the assembly sequence.

Fig. 6. Example robotically-assembled meter-scale voxel builds.

paths are determined based on a modified A* algorithm as described
in [68] 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 [74].

An example assembly sequence is shown in Fig. 5. First, voxel blocks
are manually 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 Fig. 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 Fig. 6.
Based on these, we determined the average time per movement of the
robot as 9.5 s and the average power consumption as 13.3 W. We
additionally identified some key limitations of the hardware.

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 [75]. 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 $1250. To account for the
cost of an elevator system, we then increase the estimated per-robot
cost to $1875.

3.1.4. Structural elementdesign

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
Fig. 7.
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Fig. 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.

Max displacement < L/360
Gravity load everywhere
1.2kPa live roof load

Fig. 8. Overview of the evaluated loading scenario, with a 30x deformed
model overlaid on top of the undeformed structure.

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 [76]. We then increase the dimensions
of the framing element until the maximum displacement is below the
L/360 standard [77]. This is summarized in Fig. 8.

To evaluate the structural performance of each archway (the stud-
joist-stud spanning element shown in Fig. 8), we performed Finite
Element Analysis (FEA) to determine the maximum deflection under
a consistent load case. To achieve this, we developed a simulation
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 on the
voxel type and the availability of the data, the Young's modulus is
typically derived from compressive modulus measurements of either
single unit cells or assemblies up to 4 x 4 x 4 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 of-
fering 10 nodes, quadratic interpolation, and four Gaussian integration
points, ensuring good accuracy 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 Appendix B.

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 [66]. In line with this, discrete systems achieve
similar performance to their continuously manufactured counterparts.
For example, the discrete lattices in [12] exceed the performance of
the continuous microlattice described in [61], while the voxel sys-
tem in [60] achieves comparable performance to the continuously
manufactured lattices in [59], 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 exper-
iment. 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
Appendix B. 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 geo-
metric slack can introduce localized nonlinearities that deviate from
idealized bulk behavior. The voxel systems considered here are de-
signed with geometrically constraining node interfaces to minimize slip
accumulation and error propagation across scales. Although prior ex-
perimental studies have shown that stiffness remains beam-dominated
rather than joint-dominated in relatively large assemblies [12,65],
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 Fig. 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 Fig. 10 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
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GFRP node octet
Max disp: 11.6 mm
Weight: 45.9 kg
Voxel count: 111555

CFRP node octet
Max disp: 10.1 mm
Weight: 26.1 kg
Voxel count: 9449

Nylon-GF cuboct
Max disp: 10.1 mm
Weight: 297.9 kg
Voxel count: 19334

Weight: 170.7 kg
Voxel count: 534
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Nylon-CF cuboct
Max disp: 12.0 mm

BioPTT-CF cuboct
Max disp: 13.4 mm
Weight: 273.0 kg
Voxel count: 3334

PLA edge octet
Max disp: 10.9 mm
Weight: 131.6 kg
Voxel count: 1847

Aluminum PCB cuboct
Max disp: 10.7 mm
Weight: 54.3 kg

Voxel count: 434

Steel Kelvin

Max disp: 12.7 mm
Weight: 251.8 kg
Voxel count: 218932

Aluminum/PP exp. Miura
Max disp: 10.6 mm
Weight: 100.1 kg

Voxel count: 1516

Steel edge octet
Max disp: 11.1 mm
Weight: 80.0 kg
Voxel count: 651

Plywood edge octet
Max disp: 12.3 mm
Weight: 51.9 kg
Voxel count: 2901

Fig. 9. All of the evaluated voxel frames, with the maximum displacement, single frame weight, and single frame voxel count noted.

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 Fig. 7A.

We projected the assembly speed for each of the frames by deter-
mining 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 mechanical
alignment features over precise robot control, all of these steps take
roughly a similar amount of time, allowing us to extrapolate approx-
imate robot throughput speeds based on 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 s per movement, carrying the
maximum volumetric payload of three 4 x 2 x 2 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.

3.2. Compared construction approaches
Here, we compare voxel-based approaches with 3D concrete print-

ing (the predominant onsite automated method), precast modular con-
crete (a prefabricated method), concrete masonry units, cold-formed

~_ Voxelized framing
element

/gz Elevator pathway
~ _ Assembly robot

Voxel feed

PR b

EERY,

Avg. actions/voxel placed: 6.5
Avg. time/action: 9.5 s
Volumetric throughput: 0.26 m3/hour

Fig. 10. One of the structural elements loaded into the MILAbot simulation
space, configured for a moving voxel feed.

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 [78] for United States national averages.

3.2.1. 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 [4,19], and [79]. The dimensions
are shown in Fig. 11. Based on commercial practices, such as what is
discussed in [21], we additionally reinforce the wall by casting concrete
with reinforcement into the walls according to the ratios given by [79],
and adding spray foam insulation to an equivalent thermal insulation
rating as the EPS foam used in the voxel and other framing approaches.
For the roof, we use hollow-core panels, as in [19]. The dimensions
of these are shown in Fig. 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 CO,e
by using the values determined by [79] adjusted for our geometry.
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From this, we get an embodied carbon value of 17338 kg CO,e,
at a total weight of 46,267 kg. Using the BOD2 maximum printing
parameters [80], the total time to print the walls is only 10.4 h. Based
on the BOD2 recommendations, we estimate another 10 h for total set-
up and de-installation time, with four printer techs on site at $30/h
for the entire print use time. The addition of concrete reinforcement,
insulation, and pre-cast roof panels then adds another approximate
100 h of build time, for a total assembly time of 119.7 h. The overall
material cost for the entire structure is $12,972.95, while the combined
labor and equipment cost is $7616.13. To estimate the cost of using the
printer, we assume a five-year 5000-h/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 [4]. This
results in a total cost $20,589.08 for the 3DCP building.

3.2.2. Precast modular concrete

For the precast modular concrete approach, we use insulated sand-
wich panels for the walls, [81], and hollow core panels for the roof, as
done in the 3DCP case. These are chosen according to [41] to meet the
loading requirements and spans of the sample building. The insulated
sandwich panel, as shown in Fig. 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/m?,
lower than the reinforcement ratios provided by [19], and more in
line with guidelines given by [41]. 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
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41.28

Summary of key parameters of the existing construction techniques that we compared against. All dimensions in mm.

cross-sectional area. We assume all the concrete in the structure is the
same blend, given by what is used in [79] . The total weight of this
structure is then 42114 kg, with an embodied carbon of 11899 kgCO ,e.
The total material cost is $23,681.24, while the fabrication cost is
$2676.99, for a total cost of $26,358.23. The assembly time is 54.25 h.
For this approach, and the remaining manual approaches, the cost and
time estimates are generated using only RSMeans data, as previously
discussed.

3.2.3. Concrete masonry units

The concrete masonry unit wall is designed according to reinforce-
ment ratios given by [79] and adjusted for our dimensions. Like [14],
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 CO,e. The material cost is $14,250.24,
and the labor and equipment cost is $9822.80 for a total cost of
$24,073.04. The total build time is 209.03 h.

3.2.4. 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 Fig. 11
and are taken from a product listing for a 16-gauge 6" stud [82]. 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 kgCO ,e. The material and labor
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Fig. 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.

costs are $15,859.03 and $10,998.60, respectively, for a total cost of
$26,857.63. The build time is 282.1 h, for two carpenters working on
each task sequentially.

3.2.5. Stick framing

As with the other framing-based approaches, the stick framing
case follows the same stud pattern. We use 2" x 6" (real dimensions
38 mm x 140 mm) dimensional lumber as the base unit for the studs,
and 2" x 12" (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 kgCO,e. The material cost is $4983.09, the labor cost is $4981.26,
and the total cost is $9964.35. The build time is 108.5 h, for two
carpenters working on each task sequentially.

3.3. Comparison methodology

All of the approaches are compared using results for the entire
simplified building, unless otherwise noted. This means that all the cal-
culations 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 construction 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 1SO
14040/14044 [83,84], 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 mate-
rial production, corresponding to A1-A3 in EN 15804, encompassing
raw material extraction, processing, and manufacturing. Construction
stage activities, use phase impacts, and end-of-life scenarios are ex-
cluded, 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
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use the figures from [85], which covers A1-A3 modules, and excludes
any biogenic carbon flows. Material quantities are derived from the pre-
viously 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 [64], the steel Kelvin voxels from [62], and the expanded Miura
plate lattice from [70], 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 compar-
ison of structural strategies and construction paradigms, rather than to
provide absolute environmental impact values for specific buildings.

4, Results and discussion

In this section, we compare and evaluate the voxel approaches
against the existing construction approaches in terms of their sustain-
ability, cost, and building speed. These criteria reflect primary envi-
ronmental, 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 CO,e, as
this metric is widely reported and allows consistent comparison across
systems. A complete summary of these parameters is also available in
Table C3.

4.0.1. 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 C.3 the three
voxel types developed for this work demonstrate potential sustainabil-
ity benefits compared to traditional construction methods. As shown
in Fig. 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.
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Fig. 13. Embodied carbon [kg CO,e/kg] of the voxel approaches relative to the voxel's specific compressive modulus [MPa/ p] and embodied carbon of each voxel

building approach, accounting only for the voxel contribution.

CFRP Cuboct |
5.E+04 |Aluminum Cuboct I )
GFRP Cuboct
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GFRP Node-octet
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Plywood octet
Stick Framing
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Structure mass [kg]

Fig. 14. Overall structure mass, including sheathing and insulation, compared to embodied CO,e for all of the considered approaches.

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 Fig. 13. Of the existing con-
struction approaches, 3DCP had the highest embodied carbon value
at 17,338 kgCO,e— 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 im-
proved 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 (kgCO,e/kg). This metric helps capture the
balance between the mechanical efficiency of the lattice (how stiff
it is relative to its density) with its environmental 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 kgCO,e/kg.
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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 pro-
duced 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.

We can also evaluate the overall material sustainability of all the
approaches by considering the ratio between their embodied CO,e and
their overall structural mass. These results are plotted in Fig. 14. As
this graph shows, the concrete approaches have lower embodied carbon



M. Smith et al.

Automation in Construction 187 (2026) 106952

20000

— =~ 4 R
Sisoo0 |7 Ny [ Yaa )
O 16000 N
2 14000
e 12000
£ 10000
1)
o 8000
< 6000
5 4000
Q 2000
s T A | ¥ . NN
L
& Q‘\& @é‘ OQ}\ <<;§® Q\y\yQ Qlé & OQ'é é@g} \é’{\. ‘<>§ & ! N o06 oob
; ; o o
/Q) \/O \/O Q '\/ Q’ ‘bt':g\o ,\Q o®o c}'e\‘\o O®\ (bé\o \(300 \Q"D(\ 060 bgo Q\ Q\$
4 ’ < xS @) O 4
‘boo X & & "-9\6\0 Oc‘} "QO & & F > & oob & ,bQQ’
Q0 o0 ? S A X O LD QN
E o L O <@ &% & ¢
& O K oc}c;@c}xQOo(\Q‘
o & g O ¢ &
) o
Fig. 15. Projections of the sustainability performance of 3D printing and voxel approaches with material substitutions.
$10,000,000
m Labor cost (inc. eqipment
$1,000,000 — — - ] s selpmeoli|
- Material cost
$100,000 - — — ——m—m———

[ | ] | [ —
$10,ooo——————————————-—-—.—
MG e EES SR W S W= =S I I En I O - . - -

$900 - — — — — — — — — — — — — — — — -
si0 N W W W I W N I N I N N B N O
$1
[ O N R I AR o @ & & O & O
0\\>00 O\po O\)OO Q,Oc} \%Q}Q\ O(}‘ R @\\) ,Od\ ) ,bé\\o O\SOO (\del C\\)(\\ \OC}' Qk \(\Q(\ boc,)\' &(b"((\\(\
R0 R o &P F K &P P
QQ‘ Q QQ‘ AR S < & S @& P o8 @ NS
C o &K F K T & & Y 9
K &K S & e S
O o v ,\@ & S
2 O )
&
@ O

Fig. 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.

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 mate-
rial substitutions. These are summarized in Fig. 15. For the 3DCP
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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 [24]. 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 kgCO,e to 11,441
kgCO,e, a 66% reduction. There is also substantial work exploring
alternatives to concrete, such as printing using earthen materials, as
by WASP [26]. Using the reported carbon intensities from [22], we
find that substituting an earthen mixture with a low-carbon intensity,
the 3D printing method can further lower to 6655 kgCO,e, which is
competitive with our projections for the steel octet voxel.
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Fig. 17. Total assembly time for each approach and total construction costs of the existing construction approaches and only the voxels developed for this work.

4.0.2. 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 Fig. 16. Fig. 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 h, while precast modular concrete is the fastest at
54.3 h. 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 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 sys-
tem 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 Fig. 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
3DCP approach only requires 20.4 h to print the walls, in addition
to installing and deinstalling the printer, according to figures from
COBOD [80]. The steel voxel requires 7.1 h, the PLA voxel requires
15.2 h, and the plywood requires 39.1 h, 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 h 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 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 Fig. 18, we plot the assembly cost versus the assembly time,
showing a relatively linear relationship between the two. This is be-
cause 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 in-
teresting 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.

4.0.3. Automated system throughput
The robotic system for the voxels is focused on being cheap and
simple, and relies on parallelization to achieve improved throughput.
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Fig. 19. System cost and volumetric assembly throughput scaling for increasing MILAbot swarm sizes as compared to selected existing automated concrete

printing and bricklaying systems.

This stands in contrast to existing commercial approaches to automated
structural building, which typically rely on expensive and large ma-
chines. In Fig. 19 we plot the volumetric throughput of the MILAbot
system against some other existing systems: the WASP mud printer
(gantry system) [26], the SAM bricklayer [33] (robot arm on a linear
base), the Maxi concrete printer [86] (robot arm on a mobile base),
the BOD2 concrete printer [80] (gantry system), and the Hadrian X
bricklayer [34] (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; how-
ever, 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 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, logisti-
cal, 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 [87]. If we are however only able to place
robots and voxel feeds at one end of the wall, we will receive little
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Fig. 20. Assembly throughput in meters cubed per hour versus the number of robots for the plywood voxel based simplified building.

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 mitigate this bottleneck effect, such
as through bucket-brigade style behavior [88], our current path plan-
ning 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 de-
installation 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 perfor-
mance. 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 described physical barriers
to scalability. Various literature has also explored alternate control
systems for more highly autonomous and dense swarm systems [89].

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 Fig. 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 h for every two robots to be installed, and
0.15 h 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 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
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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 produc-
tivity 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 Fig. 19 is intended to provide
a simplified comparison 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 Fig. 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.

5. Limitations and future work

We evaluate voxel systems within a complete building-level com-
parison framework that considers embodied carbon, total cost, and
assembly time, unlike prior voxel and architected lattice work, which
focus primarily on mechanical characterization [12,59,60] or system
demonstration outside of construction contexts [64,90]. While many
prior robotic construction systems have been explored, these works
often focus on demonstrating structural, robotic, or material perfor-
mance [36,57,91] in isolation. Because our goal is to demonstrate the
potential applicability of an entire material-robot system to building
construction, a focus of this work is a normalized comparison of build-
ing approaches considering multiple metrics relevant to a construction
system.

Similarly, much of the prior work on robotic construction empha-
sizes either structural performance or fabrication efficiency in isolation;
here, we integrate structural simulation, robotic throughput model-
ing, and cradle-to-gate embodied carbon assessment under consistent
boundary conditions. For comparability, all construction approaches,
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including additive 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 ad-
dressed 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 me-
chanical 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 struc-
tural elements in a building, and future research 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 performance 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 embod-
ied carbon and may not achieve required structural fire ratings. Future
work should explicitly assess code-compliant configurations within the
present LCA framework.

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 [64], 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 [91,92] that has explored the generation of loading-
aware robotic paths, or even hardware such as [93], 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 deployment, though there is active work towards this.
The largest scale demonstrations of voxel assembly, from the MILAbot
system, and from [13], 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 demonstrated 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.
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6. 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 approaches,
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 h for the two voxel
approaches, and an average of 155 h for the existing approaches, and
the voxel systems are only outperformed by the large-panel based mod-
ular 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.

This study shows that the robotic assembly of voxels has the po-
tential to improve the sustainability and efficiency of construction
compared to some existing construction approaches. For the voxel
approaches, cost competitiveness depends on material selection and
fabrication strategy. The voxel approach combines the mass-efficient
benefits of framing 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 mod-
ular wood based systems, the voxel-based assembly 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 assem-
bly system makes the most sense. The results demonstrate modular
systems that leverage larger panels can achieve reasonable sustainabil-
ity 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 mechan-
ical performance, such as thermal expansion, fire safety, and relative
humidity effects.
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Appendix A. Voxel cost and emissions estimation methods

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

GFRP node connected octet (Fig. TA) achieves a compressive mod-
ulus of 26 MPa at a density of 58 kgm 3, 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 PEl from [94], glass fiber from [95], or
carbon fiber from [96], leading to an embodied carbon estimate of
12 kgCO,e/kg for the GFRP version and 19 kgCO,e/kg for the CFRP
version. [60] provides the cost for each of these at $0.01 per cubic
centimeter at $0.03 per cubic centimeter, respectively.

The GFRP cuboct (1B) has a compressive modulus of 3.2 MPa and
a density of 32.5 kg/m 3 [66]. The CFRP cuboct (1C) has compressive
modulus 1.1 MPa and density 10.1 kg/m 3 [13]. We use the embodied
carbon estimate for nylon 66 from [97] and the prior GF and CF
estimates, leading to a value of 5 kgCO,e/kg for the GFRP lattice and
13 kgCO,e/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 [13].

The bio-cuboct (1D) has a modulus of 9.39 MPa and a density of
73 kg/m 3. Based on the values reported in [14], the voxels have an
embodied carbon equivalent of approximately 5 kgCO,e/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 material formulation for the bio-cuboct is discontinued,
and because [14] does not provide a cost estimate, we re-use the cost
per face from the [66] GFRP cuboct, which is likely a low estimate.

The reinforced Kelvin lattice (1F) has a modulus of 34 MPa and a
density of 151 kg/m 3. 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 ma-
terial 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 CO,e emissions for producing hot-
rolled merchant bar quality stock from Gerdau [98], which includes
GHG emissions from initial steel production, and assume a cold-rolling
finishing step consuming energy at rates described in [99] with an
emissions factor based on the current Massachusetts grid embodied
carbon per megawatt hour value of 418.666 kgCO,e/MWh [100]. We
then factor in the CO,e emissions cost from cutting the material on a
1.2 kW 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 kgCO,e/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 [101] 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.

The aluminum cuboct (Fig. 1G) is made directly from an aluminum
substrate PCB (approximately 1.5 mm thick aluminum core with insula-
tion, copper, and solder mask to a total 1.6 mm thickness) and reaches
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a modulus of 24 MPa at a density of 30.75 kgm 3. We estimate the
embodied carbon of this approach by combining the base embodied
carbon associated with producing the aluminum at 11.8 kgCO,e/kg,
based on figures from [85], with the cost of producing a single layer
PCB, which we estimate at 18.37 kgCO,e/kg based on the figures
in [102], leading to a value of 30.17 kgCO,e/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 (Fig. 1H) achieves a compressive modulus of
50 MPa at a density of 110 kg/m 3. 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 kgCO,e/kg of produced voxel
at a cost of $27.70 per kg.

The embodied carbon of the PLA octet (Fig. 1E) approach is based
on the value provided in [103], 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 kgCO,e/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 kgCO,e/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 [85], and processed
with a 120 W CO,e Epilog laser cutter, resulting in 1 kgCO,e/kg of
produced voxel, and a cost of $8 per kg of produced material.
Appendix B. 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 2 x 2 x 3
block sample was compressed to determine its compressive modulus
and weighed to determine its weight. From the literature, [70] 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 B.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. 1 x 3 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 con-
tinuous sheets that are loaded under tension during bending, providing
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Table B.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 15
Density (kg/m 3) 81 82 110 4.5
Lattice pitch (mm) 65 65 66 76.2
Beam dimensions 6 x1x25 10 X 2 x 6.5 8x1.5x2 8x2x3
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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 [70].

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 rectangular continuum with the corresponding elas-
tic modulus E and Poisson’s ratio v, as specified in Table B.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 prescribed 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 (see Fig. B.21).

We see relatively good agreement between the simulated beam
performance and the measured beam performance, in terms of the
reaction force to displacement ratio. These are plotted in Fig. B.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

19

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 modulus is quite low. If we analytically calculate
the expected bending stiffness El 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 El, we predict
a force-displacement ratio of 48 N/mm (this is plotted in Fig. B.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/alf
onso/ abaqus-python-code-for-comparative-evaluation-of-da-lattices-for
-construction/-/tree/main.
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Fig. B.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 [70].

Table C3

Comparison of building approaches with material, cost, and performance metrics.
Approach Density E Pitch Voxels Wt. EC Mat. cost Fab. cost Total cost Time

(kg/m 3) (MPa) (mm) (#) (kg) (kgCO ,) (USD) (USD) (USD) (h)

Alum. Cuboct 30.8 24 150 10416 1303 40,849 21,580 4991 26571 95.8
GFRP Node-oct 58 26 76.2 267,720 1102 14,502 46,633 7917 54,551 1444
CFRP Node-oct 58 8.0 76.2 226,776 627 13,622 111,090 7208 118,298 1326
GFRP Cuboct 325 3.2 75 464,016 7150 34,688 2,758,734 9320 2,768,054 167.8
CFRP Cuboct 10.1 1.1 300 12,816 4097 56,367 325,129 11,458 336,587 2033
Steel Kelvin 151 34 17.2 5,254,368 6044 28,259 841,48 4101 88,249 81.0
Bio-Cuboct 73 9.4 75 80,016 6552 34,306 1,381,008 6575 1,387,583 1221
Exp. Miura 110 50 66 36,384 2402 23,024 70,590 4299 74,888 84.3
PLA Octet 82 25 65 44,328 3157 11,904 72,118 4741 76,859 91.6
Steel Octet 116 126 100 15,624 1921 6158 16,776 4252 21,028 83.5
Plywood Octet 15 8.1 100 69,624 1246 2874 13,301 6176 19,477 1155
Steel Frame - - - - 2074 6609 15,859 10,999 26,858 282.1
Stick Frame - - - - 1150 1933 4983 4,981 9964 108.5
3D Concrete - - - - 46,267 17,338 12,973 7616 20,589 119.7
Precast Conc. - - - - 42,114 11,899 23,681 2677 26,358 54.3
cMU - - - - 48,022 14,005 14,250 9823 24,073 209.0
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