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

Abstract

Although digital fabrication processes at the desktop scale have
become proficient and prolific, systems aimed at producing larger-
scale structures are still typically complex, expensive, and unreliable.
In this work, we present an approach for the fabrication of scal-
able macroscale structures using simple robots and interlocking
lattice building blocks. A target structure is first voxelized so that
it can be populated with an architected lattice. These voxels are
then grouped into larger interconnected blocks, which are pro-
duced using standard digital fabrication processes, leveraging their
capability to produce highly complex geometries at a small scale.
These blocks, on the size scale of tens of centimeters, are then fed
to mobile relative robots that are able to traverse over the structure
and place new blocks to form structures on the meter scale. To
facilitate the assembly of large structures, we introduce a live digi-
tal twin simulation tool for controlling and coordinating assembly
robots that enables both global planning for a target structure and
live user design, interaction, or intervention. To improve assembly
throughput, we introduce a new modular assembly robot, designed

“Both authors contributed equally to this research.

This work is licensed under a Creative Commons Attribution 4.0 International License.
SCF °25, Cambridge, MA, USA

© 2025 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-2034-5/2025/11

https://doi.org/10.1145/3745778.3766665

for hierarchical voxel handling. We validate this system by demon-
strating the voxelization, hierarchical blocking, path planning, and
robotic fabrication of a set of meter-scale objects.
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1 Introduction

Machines for digital fabrication typically cannot make objects or
structures larger than themselves. Although this is not necessar-
ily limiting on the desktop scale, as target structures scale toward
human or architectural scales, the prospect of ever-growing ma-
chine footprints eventually becomes untenable [Meisel et al. 2022].
Current digital fabrication approaches for larger-scale structures
often section the target structure into parts that can be produced


https://orcid.org/REPLACE
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3745778.3766665
https://doi.org/10.1145/3745778.3766665
https://doi.org/10.1145/3745778.3766665
https://arxiv.org/abs/2510.13686v1

SCF ’25, November 20-21, 2025, Cambridge, MA, USA

separately and then assembled, usually manually [Formlabs 2023]
[Kovacs et al. 2017], [Baudisch et al. 2019]. Approaches that consider
assembly automation often rely on large and expensive industrial
robotic arms with limited overall mobility [Menges et al. 2017]. In
either case, there is no clear strategy toward scaling to unlimited
build footprints or autonomous environments.

In contrast, collective robotic construction, in which a group of
robots collaborate to assemble a structure larger than any individual
robot, offers significant promise towards scale-agnostic, efficient,
and autonomous fabrication [Petersen et al. 2019]. However, hard-
ware demonstration of these systems has typically been limited in
scale [Jenett et al. 2019], load capacity [Petersen et al. 2011], or geo-
metric freedom [Melenbrink et al. 2021]. This is because automated
large-scale fabrication with mobile robots is inherently challeng-
ing, with many competing priorities, such as structural stability
versus mass efficiency, geometric complexity versus ease of robotic
fabrication, or robotic functionality versus swarm simplicity.

By designing a material system together with its robotic assem-
bly system, we can address some of these issues. The mechanical
interplay between the assembly robots and the underlying material
system can enable local error correction, allowing relatively simple
robots to build large and precise structures [Jenett et al. 2019]. In
this work, we present an approach to the assembly of large struc-
tures using small relative robots that manipulate hierarchical blocks
of lattice material. Our approach uses a new type of discrete lattice
block and robotic system aimed at improving assembly throughput
and mechanical stability. We use standard digital fabrication pro-
cesses to pre-produce compounded blocks of architected lattices—
a high efficiency material system— at the size scale of tens of cen-
timeters, and then use mobile robots to take over beyond that, to
the meter scale. To ensure structural stability, we developed a tool
similar to a 3D printing slicer that imports a 3D mesh, voxelizes
it, and finds interleaved patterns for robots to assemble. It then
simulates the assembly live, streaming instructions to the hardware
system. Our contributions are:

An interactive tool for voxelizing 3D shapes and finding

connected patterns for different shapes of blocks.

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

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

o The development of a new modular inchworm style assembly

robot, designed for hierarchical assembly and low system

cost and complexity.

2 Related Work

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

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

2.1.1 Continuously Fabricated Systems. An example of a continu-
ous fabrication system capable of producing meter-scale structures
is Protopiper [Agrawal et al. 2015], which extrudes tape-based
pipes to draw out human- to architecture- scale structures. How-
ever, this system has limited load bearing capacity. Wire benders,
such as [PensaLabs 2025], are similarly able to extrude much larger
structures than the machine itself, and with potentially good load-
bearing capacity, such as in [Bhundiya and Cordero 2023]. However,
these continuous extrusion based processes have no mechanisms
for preventing error accumulation in the built structure, and instead
rely on the precision of the machine, or human intervention, to cor-
rect problems as they arise— a potentially significant issue, given
that a small error in bend angle over a long distance can result in
substantial deflection from the target shape.

2.1.2  Sectioned Fabrication and Assembly. Splitting up a target
structure into subcomponents can help ameliorate some of the is-
sues with error accumulation, while additionally opening up a wider
array of fabrication systems. These approaches are typically geared
toward breaking a larger model down into either 2D components
that can be cut and assembled together, or smaller 3D models that
can be separately fabricated and assembled. LuBan3D [Luban3D
2025] is a software package aimed at doing exactly this: facilitating
users to fabricate structures much bigger than the machines they
have, such as the house in [Sass and Botha 2006]. More special-
ized examples aimed at non-expert users include Kyub [Baudisch
et al. 2019], which enables the design and automatic creation of
load-bearing structures made from laser cut plywood, or HingCore
[Abdullah et al. 2022] and PopCore [Abdullah et al. 2024], which
offer joinery-free methods for processing foamcore or equivalent
sandwich panel material. The primary issue with these methods is
that they produce highly specific parts for specific designs, often
requiring dexterous methods for assembly. This makes automa-
tion much harder: handling extremely diverse geometries in many
degrees of freedom is a hard problem in robotics. Additionally,
this typically prevents re-use of parts, as components are likely
not portable to new designs, requiring full re-fabrication and re-
assembly to make design iterations.

2.1.3 Discrete Assembly. Continuing the trend toward breaking
up a big structure into smaller parts is the class of systems that use
discrete assembly, where a single part type (or a small library of
component types) is used to iteratively build many different target
structures. A classic example of this is LEGO®, which enables an
imprecise assembler (e.g. a child) to build precise and relatively
robust structures. This is because the material system is designed
to self-align and error correct during the assembly process, so that
the accuracy of the final structure is primarily determined by the
tolerances in the part manufacturing, and not by the tolerances
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of the assembler, in contrast to continuous extrusion fabrication
processes. LEGO® uses a volumetric brick-based decomposition,
but other forms exist, including strut-and-node systems [Kovacs
et al. 2017], facet-based assemblies [Jenett et al. 2018], and voxel-
based assemblies [Gregg et al. 2018]. This style of system lends
itself well to robotic fabrication, as it features a limited and similar
set of parts, often designed to accommodate imprecise assemblers.

Among discrete assembly approaches for large-scale structures,
we focus on using discrete architected lattices, as these systems
offer competitive mechanical properties at a lightweight [Schaedler
and Carter 2016]. This is desirable both to improve the performance
of the resultant structure and to lower the payload demands on an
assembly robot, which reduces some engineering challenges associ-
ated with heavy building materials [Goessens et al. 2018]. Discrete
versions of architected lattices have demonstrated extreme perfor-
mance results [Cheung and Gershenfeld 2013], designed material
anisotropies [Jenett et al. 2020], and integrated electronic function-
ality [Smith et al. 2025]. Manually, these have been assembled into
a wide array of meter-scale structures, such as morphing aero- and
hydro- structures [Jenett et al. 2017] [Parra Rubio et al. 2023], ve-
hicles [Jenett 2020], or load-bearing static structures [Smith et al.
2025], demonstrating the broad applicability that is desirable for a
generalist building system.

2.2 Robotic Fabrication Systems

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

2.2.1 Static Gantries. In the first approach, a typically gantry-based
machine is used to assemble a structure, as in [Apolinarska et al.
2016], or, more commonly, to 3D print a structure, as shown in
[Batikha et al. 2022] often using systems in the style of [COBOD
2025], for example. Though these approaches have been demon-
strated at commercial architectural scales, they are still fundamen-
tally limited by the need for very large machines, which introduces
both an upper limit on the size of the structure that can be made, as
well as significant logistics challenges, either in terms of transport-
ing parts, in the case of pre-fabrication, or building the machine in
place, in the case of in-situ fabrication. With the extrusion based
approaches, there are additional open challenges in material for-
mulation and performance [Marchment and Sanjayan 2020] [Roux
et al. 2023]. For these reasons, we are interested in further exploring
assembly based approaches.

2.2.2 Industrial Arms. At the large, complex, and expensive side of
the assembly based approaches are projects that have focused on us-
ing industrial robotic arms for assembly. These have demonstrated
arange of material types, such as steel rebar [Ma et al. 2020], timber
[Apolinarska et al. 2021], or bricks [Gharbia et al. 2020], including
commercial systems such as [HadrianX 2025] or [Construction-
Robotics 2025]. However, these systems have limited accessible
footprints, based on the reach of the robotic arm (or the linear axis
it is mounted on), or feature significant localization challenges, if
on a mobile base [Bodea et al. 2022]. These projects often rely on
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the high performance of their robotic and sensing systems to com-
pensate for the simplicity in their building materials— by shifting
some of the complexity onto the material system, we can reduce
some of the demands (and size and cost) on the robotic system.

2.2.3 Material-Robot Systems. Building systems that rely on the
co-design and interaction of the robots and material systems are
often referred to as material-robot systems [Jenett et al. 2019]. The
degree of material-robot integration varies across the literature. At
one extreme end, self-reconfiguring modular robots, as in [Neubert
and Lipson 2016] or [Hauser et al. 2020], could be considered a
material-robot system where there is no distinction between the
building system and the robot, resulting in a very complex material
system. At the other end, systems such as [Goessens et al. 2018] or
[Leder et al. 2022] only shift a minimal amount of complexity onto
the material system.

For discrete lattices, systems for voxel-based assembly, such as in
[Jenett et al. 2019], [Smith et al. 2024], or [Gregg et al. 2024], as well
as strut-based assembly, such as in [Hsu et al. 2016] or [Yoon and
Rus 2007] have been explored. [Jenett et al. 2019] demonstrated that
an inchworm style robot could accurately traverse and assemble a
voxel structure with no global feedback, based on the error correc-
tion between the voxels and the robot. However, this system relies
on magnets and an underlying steel table to form connections and
provide mechanical stability, and has low load bearing capacity on
its own. This system is evolved in [Park et al. 2023] to demonstrate
the assembly of 100s of voxels [Gregg et al. 2024]; however, the com-
plexity of the robotic system is substantially increased, requiring
three separate high degree of freedom robotic systems to perform
assembly (a voxel carrying robot, a voxel installing robot, and a
voxel fastening robot internal to the lattice), while the size scale of
the lattice limits shape fidelity (300mm pitch).

In both of these voxel assembly systems, as the structure grows,
the assembly throughput decreases, as the robot must traverse the
built structure back and forth to pick up and install new material.
[Abdel-Rahman et al. 2022] proposes that recursive hierarchical
systems can help improve this issue— if assembly robots can as-
semble more assembly robots, then the swarm can increase its own
parallelization, and if assembly robots can manipulate larger quanti-
ties of material at once, then they can build more efficiently. [Smith
et al. 2024] demonstrates a first version of the hardware for a load-
bearing modular voxel assembler, but is limited to desktop-scale
objects.

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

3 System Overview

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

The self-aligning compounded voxel block offers a few key ad-
vantages for robotic fabrication: 1) the alignment features permit
placement error on the order of 1/2 the lattice pitch; 2) the installa-
tion of new voxels is purely vertical; and 3) the snap fit connection
does not require physical access to the connection plane to engage,
but is still reversible. Together, these features substantially reduce
the requirements on the robotic system. To successfully build up a
structure, the robots only need to traverse over the existing lattice,
carry new voxels, and coarsely place them. To this end, we devel-
oped inchworm-style robotic arms that can crawl over the structure,
extending on the paradigm used in e.g. [Jenett and Cheung 2017],
[Park et al. 2023], or [Abdel-Rahman et al. 2022].

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

4 Software Implementation

A custom Web-based software environment was developed in
JavaScript, enabling full control and simulation of the robotic assem-
bly pipeline on any internet-connected device, without requiring
local installation. Leveraging the Three.js visualization library, the
system offers real-time 3D interaction through a synchronized digi-
tal twin of the robot. The pipeline begins with voxelization of a 3D
mesh and proceeds through build sequencing, path planning, and
real-time visualization with robot feedback.

4.1 Voxelization

The first step in the pipeline is the voxelization of the input geom-
etry, any 3D mesh in STL format. The mesh is discretized using
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2x2 offset

Figure 2: An overview of the lattice type and building
blocks used in this project. The basic lattice type is an edge-
connected octet lattice, which is decomposed into an ex-
tended cuboctahedron-octet, which is then compounded into
different arrangements for robotic assembly.

the size of the unit voxel, resulting in a resolution of 65mm. Once
voxelized, we analyze the grid to identify repeating patterns com-
posed of multiple adjacent voxels. These patterns can vary in size
and orientation and may be composed of simple or stacked config-
urations. Some example patterns are detailed in Figure 2. To ensure
connectivity and constructibility, the search prioritizes larger pat-
terns first (e.g. 4x2x2 blocks) and proceeds hierarchically down to
smaller units, filling in gaps as needed. Each detected pattern must
be locally connected to at least one neighbor, either directly or via
a base layer.

4.2 Building Sequence

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

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

This strategy guarantees that every newly placed voxel rests
on an existing one from the layer below, thereby creating a new
accessible surface on the current layer. As a result, the robot can step
onto this newly created platform to continue placing subsequent
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Figure 3: (Top) An example of tiling 2x2 offset voxel blocks to
establish a first layer or overhang, with red arrows indicating
the axes of potential extension. (Bottom) Beyond the first
layer, layers can achieve interconnection through staggering
layers.

voxels. The building sequence algorithm enforces this outward
growth, ensuring that at every stage, the next voxel to be placed is
both structurally supported and physically reachable by the robot.

4.3 Path Planning

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

h(n) = f(n) + g(n) 1

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

The A* algorithm is particularly powerful in a voxelized environ-
ment, as the search space is inherently discrete, the connectivity
is regular, and the heuristic directly reflects the grid geometry.
By expanding nodes along the most promising directions first, it
efficiently balances exploration and optimality. As a result, the al-
gorithm consistently returns near-optimal paths with limited com-
putation, even as the structure grows. Its effectiveness has already
been validated in earlier iterations of this project [Abdel-Rahman
et al. 2022; Smith et al. 2024].
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4.4 Robotic Assembly Simulation

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

(1) Allows real-time updates during construction, enabling
small-scale corrections in position or trajectory.

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

(3) Offloads computation entirely to the simulation side, reduc-
ing the computational resources needed on the robot side.

This tool is used within the pipeline to align the simulation with
the hardware using the data flow presented in 4.4.2, with all ele-
ments generated directly from the target structure. Nevertheless,
it can also be used as a standalone application, allowing the user
to manually place every element of the simulation (voxelized envi-
ronment, robots, feeds, voxels to build) and subsequently link the
configuration to the hardware. An example is presented in Figure
5.

Voxel Feed

Simulation Overview

Target Structure

Figure 4: Simulation overview illustrating the four main ele-
ments: MILAbot, support stairs, voxel feed, and target struc-
ture.

4.4.2 Data Flow and Feedback: The system operates using a feed-
forward architecture: voxelization, build sequencing, and path plan-
ning are executed sequentially within the simulation environment.
The resulting movement instructions are transmitted from the dig-
ital twin to the physcial robot— the Modular Inchworm Lattice
Assembler robot (MILAbot)— via a Python bridge, which converts
high-level actions into low-level joint target values using Web-
Socket communication. Simultaneously, the robot streams back
its current joint states (see Figure 5). If a deviation from the ex-
pected pose is detected, a realignment sequence is triggered. This
involves returning to the last valid position and re-approaching the
target slowly to ensure accurate alignment without requiring full
re-planning.

5 Hardware Implementation

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

Movements

Websocket

Middleware
(Python Bridge)

Translate & Relay

Robot Firmware
(low level control)

Path Planning Execute & feedback

MiILAbot

Digital Twin

Figure 5: Top: Data flow from web-based simulation to MI-
LAbot through middleware. Bottom: Digital twin synchro-
nized with physical execution.

5.1 Material System

Our material system uses self-aligning compounded octet lattice
blocks to create interlocking structures. In this work, we produce
these lattice blocks in polylactic acid (PLA) through FFF 3D print-
ing. We use FFF 3D printing because of its ability to easily handle
complex geometries at a low cost and a reasonable speed. However,
we envision that for future versions of this system, the compounded
blocks might be further broken down into separate voxels, such as
in [Gregg et al. 2018], or individual faces, such as in [Jenett et al.
2020], [Smith et al. 2024], or [Jenett et al. 2018], so that they can
be mass-manufactured from higher performance materials, such as
GFRP in [Jenett et al. 2020], CFRP in [Gregg et al. 2024] or aluminum
in [Smith et al. 2025].

To improve the printability of the voxels, we add flanges to sup-
port the large overhanging regions during printing, as done in
[Leamon 2025]. The flanges enable clean print quality without the
use of supports, enabling more efficient material usage as well as
improved absolute mechanical properties of the voxel block. How-
ever, the flanges are not intrinsically necessary, and it possible to
print the lattice in its unmodified form. We printed the compounded
voxels in different overall sizes depending on printer availabilty
and print bed-size, and if necessary, later laterally pre-assemble
them with printed snap clips. A representative 4x2x2 compounded
block is shown in Fig.6.

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

Smith et al.

Clip connection
plane

Flanges for
improved FDM
printability

Post-install

Pre-install

Engaged state Passive state

Figure 6: (Top) A 4x2x2 block of FFF printed PLA octet lattice
with printability features added. (Bottom) Screw-release snap
fit used for vertical connections.

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

5.2 Assembly Robots

We introduce the Modular Inchworm Lattice Assembler robot, or
MILAbot. As in prior voxel assembly robot systems, such as [Smith
et al. 2024], [Park et al. 2023], [Jenett et al. 2019], the primary
objective of the MILAbot design is to enable scalable voxel assembly
with a system that can locomote over and assemble load-bearing
discrete lattice structures. Looking toward scaling to the assembly
of larger structures, the MILAbot is designed to increase assembly
throughput while minimizing overall system cost and complexity.
Additionally, the MILAbot is designed with eventual self-assembly
in mind, that is, a starter MILAbot should be able to assemble more
MILAbots, to autonomously improve efficiency as described in
[Abdel-Rahman et al. 2022] and [Smith 2023].

The MILAbot is made from four primary module types: actuated
joints, passive spacers, gripper feet, and voxel carriers as showm in
Fig.7. These modules are arranged in a configuration similar to a
five degree of freedom robot arm, with grippers on both ends, and
three voxel carriers on one side. Toward eventual robotic-self as-
sembly, the modules are capped by incoming- and outgoing- PCBs
on either side that use a heating circuit to reflow low-melt solder
between modules, forming a simultaneous eletrical and mechanical
connection, such as in [Smith et al. 2024], though this is not a focus
of this work. The robot modules each have their own microcon-
troller, which are all networked over an 12C bus [NXP 2021], with a
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144:1 reduced
gimbal motor-based
actuator module

Passive modules for
geometry adjustment 4

B Reversible low-melt
" solder joint plate for

power and data

transmission

Voxel carriers (x3)

Gripper feet

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

WiFi-enabled microcontroller acting as the primary microcontroller
on the bus. We typically run the robot at 14V, but the electronics
are designed to handle up to 24V.

1:4 spur gear reduction
1:36 split ring planetary
GM3506 motor

Output shaft magnet
\ Motor driver board

i s el Voxel frame

7
— 3D printed housing

Incoming attachment plate

Figure 8: (Top) A cutaway view of the motor module design,
which is based on a BLDC motor with two stages of reduction,
feedback on the output shaft, and a voxel frame to enable
module manipulation by another robot. (Bottom) A complete
motor module, with incoming and outgoing PCB attachment
plates.
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The actuator modules are built around a GM3506 gimbal motor,
a small brushless DC motor. We use a two stage 3D printed reduc-
tion consisting of a 1:36 split ring planetary followed by a 1:4 spur
gear reduction, which has the added benefit of moving the output
shaft off from the motor shaft, allowing us to more easily track
the position of the output shaft. The total reduction is then 1:144.
The module is fabricated from a mix of 3D printed polycarbonate,
for its temperature resistance, and aluminum plates. The module
controller board uses an Adafruit M4 Express (SAMD51) as the
micronctroller, a DRV8316 for motor control, and two AS5407 mag-
netic encoders for motor and output shaft feedback. Motor control
is done using SimpleFOC [Skuric et al. 2022]. Each module weighs
approximately 400g and can output approximately 10-15 Nm before
failure.

Opened Closed

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

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

Because the voxel carrier grippers do not need to support a signif-
icant load, they are designed to be smaller and lighter, using Miuzei
MG90s micro servos to open and close a petal feature, modeled
after the grippers used in [Jenett et al. 2019] and [Abdel-Rahman
et al. 2022]. To maximize the carrying capacity of the robot without
significantly impacting its maneuverability, we use three per robot
installed on one leg (though the robot could physically support
installing an additional three voxel carriers on the other leg, this
would cause significant collision issues for any non-flat structure).

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

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

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

6 Evaluation

In this section, we evaluate the performance of the presented system
through a set of assembly demonstrations, the throughput and
fidelity of the mechanical system, the mechanical efficiency of the
lattice type, and general robotic performance metrics.

6.1 Assembly Demonstrations

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

6.1.1 Single Robot Assembly. First, we use a single robot to assem-
ble a 4x4x4 voxel block. We voxelize the structure into four 4x2x2

Smith et al.

Figure 11: An example voxel installation sequence. 1) The
robot is in pre-placement position. 2) The robot steps into
the placement position and 3) drops the voxel roughly into
place, before 4) retracting, and then 5) taking a step forward.
6) The robot stomps the new voxel to engage the snap fit
connection.

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

Next, each robot assembles its support staircase for the bench
example, as previously shown in Fig.1 and Fig.4. Freeze frames
from the build sequence are shown in Fig.13. The build process
for the stair case is similar to that of the cube, but at the end, we
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Figure 12: Assembly of a 4x4x4 voxel block using a set of four
compounded blocks, carried two at a time.

demonstrate a small overhang with this structure that is able to
support the weight of the assembler robot on it. Overhangs, or
first layers, both require staggered voxel blocks to achieve. This
can be done either by layer shifting a 2-voxel tall stack, or by
attaching base-plate voxels at a stagger, as done here. The offset
provides alignment features for the next block placement and braces
the newly installed voxel against the existing structure, especially
during the drop-to-place procedure.

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

In this example, the two robots finish the assembly of the bench
by filling in the base of the seat (see Fig.14 for reference). One
robot drops a voxel block into the empty space, and then steps
on it to align it and the structure. The second robot then installs
its voxel into the remaining space. This is possible because the
alignment features on the voxels are permissive of a fairly large
amount of error, the error is larger than the voxels, and the structure
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Figure 13: A single robot assembling a support staircase for
the bench build.

is able to slightly slide and deform. We cannot always guarantee
that this will be the case, so for joining build fronts, it is likely
necessary to consider alternative voxel types, such as ones that are
slightly undersized or compliant, to account for the potential misfit.
However, even though this is not a reliable method for joining a
voxel seam, this block placement is taken to be infeasible in the prior
planning systems for voxel assembly [Gregg et al. 2024], [Smith
et al. 2024], [Jenett et al. 2019].

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

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

6.2 Throughput and Fidelity

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

preCiSion = Nyoxel * Vvoxel/Vmesh (2)

Where nyoxe; is the number of unit voxel with Vy,x.; being the
volume of one unit voxel and V,,¢s; the volume of the input mesh.
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Figure 15: The assembled bench supports two people.

The left panel shows how larger voxel patterns drastically reduce
the number of elements required but come with a loss in precision.
The right panel highlights this trade-off by plotting precision as
a function of voxel count. Patterns like 2x3x1 and 2x2x1 achieve
a good balance, while the hierarchical combination offers a com-
pelling middle ground with high precision and low voxel count.

Figure 17 highlights two key components to accelerate construc-
tion: increasing the number of robots and improving the voxel
carrying strategy. On the top row, simulation snapshots show how
multiple robots parallelize the construction of a 16x16x16 cube,
reducing total build time. While the benefit is clear, the speed-up
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Figure 16: Evaluating voxel pattern efficiency— hierarchical
combination outperforms any single voxel type by breaking
the linear trade-off between voxel size and precision. (Top:
Voxel count and precision decrease linearly with increasing
voxel size when voxelizing meter-scale meshes. Bottom: Pre-
cision as a function of voxel count, highlighting the benefits
of the hierarchical combination.)
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Figure 17: Impact of robot quantity and voxel carrying strategy on build time. (Top) Simulation snapshots of cubes of decreasing
size (16x16x16, 8x8x8, and 4x4x4 voxels). (Bottom Left) Estimated build time as a function of cube size and number of robots.
(Bottom Right) Time required to build the same structure depending on the number or size of voxels carried per trip. These
graphs motivate the use of a larger robot fleet for assembling large structures, as they show a substantial decrease in assembly
time. They also highlight the importance of maximizing robot payload, with each robot ideally carrying three 4x4x2 voxels

rather than operating below full capacity.

is not exactly proportional to the robot quantity due to each ro-
bot building its own support stairs independently, without sharing
intermediate infrastructure.

The graph on the bottom left shows that construction time in-
creases exponentially with structure size, but adding robots sig-
nificantly flattens the curve. On the bottom right, we analyze the
impact of voxel carrying capacity. Carrying multiple small voxels
per trip already provides notable gains, but the greatest efficiency
comes from transporting larger compound blocks (e.g., 4x2x2). This
confirms that both scaling the number of robots and optimizing
carried voxel configuration are critical for improving overall build
throughput.

6.3 Hardware Performance

Because other robotically assembled discrete lattices have been
demonstrated, we can compare the performance of our system
against those in literature. First, we consider the mechanical per-
formance of the modified octet lattice we use. In evaluating this
performance, we consider the version of the lattice presented here
to be a proof-of-concept demonstration, and the comparisons be-
low to indicate, generally if the design decisions we have made are
in desirable directions. Because of the anisotropy in FFF printed
parts, the robustness of our voxel system can be low, and we do

not perform a full mechanical characterization of the voxels under
tensile and bending loads. Further, the overall interplay between
vertically interconnected blocks under various loads is also still
unknown, and beyond the scope of the current work.

To determine the behavior of the lattice under compressive loads,
we tested a single unit cell, a 2x2x2 lattice block, and a 3x3x3 lattice
block on an Instron 4411 with a 5kN load cell for the single unit
at the 2x2x2, and on an Instron 5985 with a 250kN load cell for
the 3x3x3 at a compression rate of 10 mm/min. The results of this
testing are summarized in Table 1. The lattices demonstrate good
strength and stiffness at a reasonable weight (the average density
of the lattice is 81.85 kg/m?). Under compression, the lattices can
support very high loads— the 2x2x2 block reached a maximum load
of 3445N, which is about 2,220x its own weight, while the 3x3x3
block reached a maximum load of 8712N, which is about the load
exerted by the weight of an average cow.

We can determine the mechanical efficiency of the lattice by
looking at how its compressive modulus and density scale relative to
the bulk material it is made from. The relative compressive modulus
is given by E/Es where E is the compressive modulus of the lattice
and E is the compressive modulus of the bulk material. Similarly,
relative density is given as p/ps, where p is the density of the lattice
and p; is the density of the bulk material. Ideal stretch dominated
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behavior, that is, the most efficient scaling of modulus with density,
is given by linear scaling E/p. However, this is generally considered
inaccessible [Schaedler and Carter 2016]. Instead, ideal bending
dominated behavior is given by quadratic scaling E'/2/p, while
below E'/3/p is accessible via foams. So, the target for the structural
efficiency of an architected lattice is to surpass the quadratic scaling
for its bulk material.

We plot a comparison of the relative compressive modulus and
relative density for this work, as well as the other discrete lattice as-
sembly systems: [Gregg et al. 2024], [Smith et al. 2024], and [Jenett
et al. 2019]. Both this work and [Gregg et al. 2024] achieve stretch
dominated behavior, indicating efficient and desirable material us-
age. Note that [Jenett et al. 2019] does not provide mechanical
testing data; this is instead estimated using an ideal beam simu-
lation of the presented lattice using the reported parameters and
materials. Additionally [Jenett et al. 2019] uses a non-structural
magnetic joint, but for this comparison we disregard that.

We can additionally compare the assembly throughput and sys-
tem cost for these systems. We use the reported volumetric assem-
bly throughput for each system, with the exception of [Gregg et al.
2024], in which their reported throughput is for a hundred voxel
structure, and so is an underestimate of the speed of the system
as compared to the systems in [Jenett et al. 2019] and [Smith et al.
2024] which only demonstrate assembly of tens of voxels. Instead,
we draw an average from the installation time per voxel for the
first 15 voxels in their structure, to better align with the data we
have here, resulting in a much higher throughput estimate than
what they report.

We find that our volumetric assembly throughput is 4,394,000
mm?/min for a single robot carrying two blocks of 4x2x2 voxels,
as compared to 2,700,000 mm? /min for [Gregg et al. 2024], 751,879
mm? /min for [Jenett et al. 2019], and 343,281 mm?® /min for [Smith
et al. 2024]. Our higher volumetric throughput is owed to two
main factors: we can carry multiple blocks of compounded voxels
while moving at a comparable speed to [Jenett et al. 2019], and
unlike [Gregg et al. 2024] the current implementation requires
minimal installation/fastening time. This result indicates that we
likely have budget to increase the time spent per voxel (such as
by implementing a different connection system) while still staying
competitive in volumetric throughput.

We additionally compare these results against the cost of each
robotic system. For [Smith et al. 2024] and [Jenett et al. 2019] these
values are taken from their reported bills of materials, while for
[Gregg et al. 2024] we estimate the cost based on the components
reported in [Park et al. 2023], where the current figure is based on
doubling the cost of the actuation system for one inchworm robot,
to account for the need for both a carrying robot and an installing
robot, with an additional $300 added as a low-end estimate for the
cost of the third robot, as well as all of non-actuation components
in the inchworm robots. Interestingly, there is a relatively linear
relationship between system cost and assembly throughput for the
prior single-voxel based systems, which this work sidesteps via
implementing hierarchical material handling in an otherwise very
simple robot.

Smith et al.

Table 1: Summary of mechanical properties for different
voxel block sizes

I1x1x1 2x2x2 3x3x3

Stiffness [N/mm] 949 2278 4868
Maximum load [N] 602 3445 8712
Compressive Modulus [MPa]  14.6 17.5 24.9
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Figure 18: A comparison of the relative compressive modulus
(voxel modulus divided by bulk material modulus) and the
relative density (voxel density divided by bulk density) for
robotically assembled discrete lattices. This work achieves
stretch dominated behavior, demonstrating material effi-
ciency relative prior robotically assembled voxel systems.

7 Future Work and Limitations
7.1 Voxelization

While our voxelization algorithm proved sufficient to demonstrate
the feasibility of a complete robotic assembly pipeline across a
defined set of structures, it remains limited in its generalizability
and is sensitive to variations in input geometry. In future work, we
plan to explore more robust and generalizable approaches. This
includes developing enhanced rule-based algorithms inspired by
an octree subdivision approach as developed in [Abdel-Rahman
et al. 2022], which remain fully discrete and deterministic, as well
as investigating learning-based methods, such as those proposed in
[Pun et al. 2025], that leverage the power of large language model
to Generate physically stable and buildable LEGO® structures. In-
corporating a structure-aware strategy that accounts for physical
constraints and evolving geometry could significantly improve the
reliability and feasibility of voxel placement over time. And would
extend the buildable structure to the one presented in Figure 20.
Future work will also explore generating input geometries based
on desired performance, such by integrating the system in [Kyaw
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Figure 19: A comparison of the volumetric throughput for
different voxel assembly systems for low voxel count struc-
tures, against the cost of the minimal robotic assembly unit.
This work achieves the highest throughput at the second
lowest cost.

et al. 2025], or verifying structural performance, such as through
built in FEA, as in [Smith et al. 2025].

Figure 20: Comparison of infeasible (left) and feasible (right)
structures due to local connectivity constraints.

7.2 Feeder Management

As discussed in Section 4.2, in the current setup, each robot is paired
with a unique Feed location, allowing independent operation. This
constraint simplifies coordination, but limits scalability and task
flexibility. Future work will explore decoupling the number of robots
from the number of sources, enabling more dynamic task allocation.
Related work [Abdel-Rahman et al. 2022] has demonstrated that
shared and flexible sourcing strategies can significantly improve
resource utilization and system throughput.

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

7.3 Robot Control

As the system scales to multiple robots, hardware variability is
expected to introduce differences in kinematics and precision. To
ensure consistent behavior across platforms, we plan to develop a
more adaptable control system with integrated per-robot calibra-
tion. This includes implementing a tunable inverse kinematics (IK)
model, allowing each robot to compensate for mechanical devia-
tions and maintain precise control during assembly.
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Additionally, to fully realize voxel reconfiguration, the robots
will need to eventually be able to disassemble voxel structures,
which will require both additions to the robotic hardware as well
as the path-planning tool. Eventually, we hope to be able to fully
support the arbitrary disassembly and reconfiguration of a voxel
structure using this system.

7.4 Voxel Material

We use FFF printed voxel blocks in this work primarily because
they are readily accessible and offer high performance along some
loading directions. However, the anisotropies inherent in FFF plastic
printing likely preclude its use for many practical applications, so
future work will focus on developing alternate methods for pre-
building the voxel blocks, such as through injection molded faces
assembled together [Jenett et al. 2020] or formed metallic facets
[Rubio et al. 2023]. Additionally, [Smith et al. 2025], [Cameron
et al. 2022], and [Wang et al. 2023] present electrically active voxel
systems, which could be integrated with this system in the future.
Additionally, the system is likely mechanically anisotropic, and in
future work we plan to develop additional tools simulated structure
behavior, as well as more fully characterize the material system
under bending and tensile loads.

8 Conclusion

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