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SUMMARY

The housing and climate crises are intertwined: climate change increases housing costs through increased
damage and insurance premiums, while resource-intensive construction boosts greenhouse gas emissions.
Emerging alternative construction methods aim to reduce the environmental impact but often rely on mate-
rials with questionable sustainability benefits. In this study, we build on the concept of digital metamateri-
als—lightweight, reconfigurable building blocks—by introducing eco-voxels: modular, mass-producible
construction units made from an in-house-developed polymer composite of partially sustainably sourced
polymer and rCFs. By assessing the structural performance of an eco-voxel wall, we illustrate the suitability
of this construction method for residential buildings. In parallel, by comparing the carbon footprint of a 1 m2

eco-voxel wall with traditional concrete, three-dimensional-printed concrete, and CLT, we demonstrate
20%–40% reduced greenhouse gas emissions. Our analysis demonstrates that eco-voxels meet load-
bearing requirements and offer a reduced carbon footprint aligned with eco-conscious construction
demands.

INTRODUCTION

The global housing crisis and the climate crisis are intercon-

nected. Climate change is affecting housing affordability, as hur-

ricanes, wildfires, and floods of ever-increasing frequency are

significantly damaging houses and increasing insurance rates.1

Almost 30% of the global urban population lives in slums,2 while

by 2025, 440 million urban households worldwide are expected

to occupy crowded, inadequate, and unsafe housing or be finan-

cially stretched by housing costs.3 This is not only due to climate

change. Rising land prices and regulatory constraints on devel-

opment lead to housing shortages and higher prices and rents.4

In parallel, the growing need for resources to house the expand-

ing global population puts a heavy burden on the climate. Build-

ing construction accounts for 6% of global energy consumption

and 10% of global greenhouse gas (GHG) emissions.5 Produc-

tion of concrete, the most extensively used building material,

has increased 30 times in the last 75 years, accounting for 8%

PROGRESS AND POTENTIAL Over centuries, the development of structural materials for construction has
primarily focused on improving mechanical performance, but at a significant environmental cost—approxi-
mately 10% of global greenhouse gas emissions is attributed to the construction industry, with materials like
cement, steel, and concrete accounting for roughly 70% of them. Today, the urgent need for sustainable ma-
terials that meet structural performance criteria while minimizing environmental impact is clear. This work in-
troduces eco-voxels: modular, reconfigurable building blocks made from bio-based polytrimethylene tere-
phthalate and recycled carbon fibers and produced at scale via injection molding. This research
demonstrates that, when applied to standardized residential structures, eco-voxels deliver modularity, re-
configurability, and mechanical performance, while offering a solution to the sustainability challenge by
featuring a 15%–40% reduction in carbon footprint compared with conventional methods.
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of global CO2 emissions.6–8 In addition, a significant amount of

waste is generated from buildings construction and demolition,

with 600million tons of such debris being generated in theUnited

States annually—more than twice the amount of municipal solid

waste.9

In recent years, a number of alternative construction methods

have emerged to address these challenges, including three-

dimensional (3D) concrete printing and modular building panels

made from lightweight polymer composites or cross-laminated

timber (CLT), an engineered wood product made by layering tim-

ber sheets in alternating directions and bonding them under

pressure. These construction approaches can significantly lower

construction times and reduce labor needs, hence providing

cheaper housing options. They can also generate less waste

and create fewer disturbances on construction sites compared

with traditional building approaches.10 Furthermore, modular

buildings can be disassembled and relocated or refurbished,

reducing the need for virgin materials and energy.11

Given the significant benefits of modular construction

methods, extensive research has focused on this area. Among

these emerging approaches, digital metamaterials12–14 stand

out as a promising innovation for enabling the construction of

large, load-bearing, reconfigurable structures assembled from

discrete building blocks. The term digital metamaterials de-

scribes a system of discrete components, called voxels, each

corresponding with specific relative positions and orientations.13

Voxels form modular and reconfigurable structures featuring

lattice designs, which offer scalability advantages through

advanced manufacturing methods, rapid component produc-

tion, and the capability for automated assembly.14–17

However, the environmental trade-offs of alternative construc-

tion methods over conventional ones remain questionable, as

the building materials used are very limited and unsustainable,

dominated by concrete, cement-based materials, or fossil-

based thermoplastic composites. For example, printable

concrete mixtures require more cement and fly ash to ensure

the stability of printed structures, increasing significantly the

generation of CO2 emissions,18 and, although digital metamate-

rials can optimize stiffness-to-weight ratios, existing approaches

rely on glass-fiber-reinforced virgin polymers.14 Wood is the only

renewable material widely employed in modular construction

methods, but the environmental benefits of mass timber are

debated due to concerns about forest management practices,

and CO2 emissions from logging, manufacturing, and transpor-

tation of wood products.19

Existing sustainable materials, such as bio-based polymer

composites and bamboo, often fail to provide the necessary

structural performance or are hindered by limited availability

and inconsistent supply chains,20–22 making them unsuitable

for large-scale, load-bearing structures.23–25 In this paper, we

address these challenges by proposing a solution that combines

modularity with sustainability: load-bearing structures made

from eco-friendly materials. Using the digital metamaterial

approach, we developed discrete building blocks called eco-

voxels, made from a blend of polytrimethylene terephthalate

(PTT) polymer and recycled carbon fibers (rCFs). As a case

study, we evaluated the structural performance of a 1 m2

eco-voxel external load-bearing wall for a one-story residential

building in the United States, designed according to the Amer-

ican Society of Civil Engineers (ASCE) standards.26 Harnessing

advances in finite element methods (FEMs) and computational

power, we optimized and assessed the eco-voxel wall structure

through calibrated computational models, significantly reducing

the need for extensive physical testing. Additionally, we

compared its carbon footprint andmass with those of a concrete

masonry wall, a 3D-printed concrete wall, and a CLT wall of

similar load-bearing capacities (cradle-to-gate, structural

perspective). An overview of the performed work is shown in Fig-

ures 1A–1D. Overall, this study demonstrates an eco-friendly

construction method that merges the advantages of modular

construction with recent advances in computational modeling

and sustainable material development.27 This approach could

potentially enable future reconfigurable structures of multiple

life cycles (Figures 1E and 1F).

RESULTS

Sustainably sourced composite material: PTT + rCFs
Our goal was to identify a polymer composite material that could

match the mechanical properties of virgin nylon glass fiber rein-

forced composite (GFRP) used in Jennet et al.14 (Table 1, row 6),

while incorporating a significant fraction of renewable and/or re-

cycled feedstocks to minimize environmental impact. We aimed

for a sustainably sourced material that would not compromise

the structural integrity required for the intended application.

However, after an extensive search for commercially and readily

available materials containing at least 10 wt % sustainably

sourced content, we found that none of the available options

met or exceeded the mechanical performance of GFRP (see ex-

amples in Table 1).

To that end, we developed a composite material blending

80 wt % PTT thermoplastic polymer, which is 35% sourced

from corn sugar,35 and reinforced with 20 wt % rCF recovered

mostly from aerospace scrap through pyrolysis.36 The rCFs

were coated with polyurethane to facilitate compounding and

improve adhesion.37,38

PTT offers a wide range of desirable properties that make it

suitable as an engineering thermoplastic.39,40 Its advantages

include excellent physical strength, chemical resistance, low

moisture absorption, dimensional stability, ease of processing,

and recyclability.39–42 In parallel, rCFs offer significant sustain-

ability benefits by reducing waste and lowering the carbon

footprint compared with virgin carbon fibers, as their production

requires less energy and fewer rawmaterials.43 Structurally, they

retain a considerable portion of the mechanical properties of

virgin fibers, making them a viable option for reinforcing com-

posites in load-bearing applications, while contributing to circu-

lar economy practices. The properties of the developed PTT and

rCF composite are presented in Table 2.

Eco-voxels design and manufacturing
For the eco-voxels, we used the design that was introduced by

Jenett et al.14 Each eco-voxel is a cuboctahedron composed

of six square-shaped face parts. The face parts are assembled

using rivets to form a complete cuboctahedral eco-voxel.

Once assembled, multiple eco-voxels are connected through

Please cite this article in press as: Georgiou et al., Eco-voxels: Building blocks for sustainable, load-bearing structures, Matter (2025), https://doi.org/
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inter-voxel joints, allowing the formation of larger structures

(Note S1 and Figure S1).

Injection molding was used for manufacturing the eco-voxel

faces (NoteS2andFiguresS2–S4), as it offers lower per-unit costs

and faster production speeds for the mass production of modular

structure parts compared with other approaches, e.g., 3D print-

ing.14 It ensureshigh repeatability andconsistency,producingpre-

cise, uniform parts with minimal variation, which is essential for

modular structures that need to fit together precisely.44

However, injection molding of new materials requires optimi-

zation of processing parameters to ensure high-quality parts

and performance.45,46 Factors like temperature, pressure, and

cooling timemust be carefully adjusted to suit thematerial’s spe-

cific characteristics, such as its flow behavior, melting point, and

shrinkage rate. Improper settings can lead to defects like warp-

ing, incomplete fills, or heterogeneity in final parts. By fine-tuning

these parameters, optimized material flow can be achieved,

minimizing defects and ensuring our material’s potential is fully

realized in the final products. The mechanical properties of

PTT are particularly sensitive to processing conditions, such as

mold temperatures,40,47 and this sensitivity increases when

working with PTT composites as is the case in this work. There-

fore, precise control of processing parameters is critical.

To achieve this, we combined trial-and-error experimentation

with high-fidelity direct numerical simulations of the injection

molding process for the eco-voxel’s faces. We conducted injec-

tion molding using various combinations of processing andmold

temperatures, holding and injection pressures, cooling times,

and shot sizes, and then characterized the resulting specimens

using sub-micron computed tomography (Figure S3). Simulta-

neously, we analyzed the behavior of viscoelastic polymer flows

using a high-fidelity computational fluid dynamics model solving

fluid dynamics and heat transfer equations (see eco-voxel

manufacturing experiments and simulation).

We compared two flow behaviors under different assump-

tions: constant viscosity and strain rate-dependent viscosity.

The strain rate-dependent viscosity, modeled using a non-New-

tonian approach, exhibited more nuanced behavior in areas of

complex flow, particularly around corners and thin sections of

the eco-voxel face. Viscosity was influenced by both strain rate

and temperature, leading to more complex flow patterns, as

shown by the varying viscosity distributions (Figures S4A and

S4B). This integrated approach allowed us to reduce physical

trial-and-error iterations, while identifying the optimal processing

conditions and material flow rates to achieve homogeneous

parts (Table 3; Figure S4C).

Figure 1. Overview of the work performed and future potential of the digital eco-voxel-based construction method

(A) Development of a 48 wt % sustainably sourced polymer composite, derived from PTT, partially sourced from bio-based feedstock and reinforced with rCFs.

(B) Manufacturing of eco-voxels via injection molding, with processing parameters optimized through simulations for the developed composite material.

(C) Compression testing of individual eco-voxels, providing data to inform simulations and models of the load-bearing capacity of multi-voxel structures.

(D) Assessment of GHG emissions and mass associated with the production of a 1m2 eco-voxel, external load-bearing wall of a one-story residential building in

the US, compared with walls of similar functionalities made from conventional and alternative construction methods.

(E) The eco-voxel wall structure is reconfigurable,17 allowing it to be disassembled and reassembled to create subsequent load-bearing structures (Video S1).

(F) Potential for multiple life cycles of eco-voxels enabled by their reconfigurability. Dotted arrows and gray text in (E) and (F) indicate future potential that has not

yet been explored or demonstrated in the current work.
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Structural performance of eco-voxel load-bearing wall
We sought to design and evaluate the structural performance of a

1 m2 load-bearing eco-voxel wall for a one-story residential build-

ing in the United States, enabling a direct comparison with other

construction methods. The wall’s thickness was determined

through structural analysis simulations, based on the specific

loads it must withstand. To ensure the accuracy of the structural

model,wefirst needed to validate it by simulating the performance

of smaller lattice structures under compression, using both exper-

imental testing and highly accurate modeling techniques.

Assessing the structural performance of lattice structures

through simulations has become increasingly precise and effi-

cient. Advances in FEM, optimization techniques, and computa-

tional power enable the accurate simulation of large-scale struc-

tures by calibrating computational models with data from

experimental tests on small-scale configurations. This approach

significantly reduces the need for extensive physical testing,

which is now primarily used for calibrating and validating these

computational models.48–57 Therefore, the structural perfor-

mance of eco-voxel lattices with side lengths where the voxel

count was n % 3 was experimentally characterized through

compression tests which were then used to calibrate the FEM

simulations (Figure 2).

FEM simulations can be performed using full 3D models. How-

ever, these models become computationally prohibitive for struc-

tures withmore than a million elements, which is the case for eco-

voxel lattices with side lengths where the voxel count exceeds 2,

as in the eco-voxel wall. In such cases, reduced-order beam

element models (ROMs) can be employed. Eco-voxels with

intermediate connectivity (Z = 8) exhibit stretch-dominated

behavior14,56 (Note S3 and Figure S5) and feature rigid nodes

that enhance their effective stiffness. As a result, global stiffness

and strength are primarily governed by the beam struts, allowing

the eco-voxel lattices to behave as networks of interconnected

beams. Therefore, the ROM approach could be employed to

accurately capture the structural behavior of the eco-voxel wall,

while significantly reducing computational costs. To validate the

ROM model’s accuracy, we simulated the stress-strain curves

and deformation patterns of 23 23 2 and 33 33 3 eco-voxel lat-

tices using both ROM and full 3D modeling and calibrated the

models with the experimental data obtained (Figure 2). The effec-

tive stress-strain curves from both the full 3Dmodel and the ROM

exhibit the typical behavior of a cuboctahedral voxel: an initial

linear region, followed by softening as both the vertical and in-

clined struts bend or buckle, and localized yielding at the connect-

ing nodes signaling the stress limit of the structure.14,58 For all

cases, the effective stress is defined as the applied load divided

by the projected square cross-sectional area. Effective strain is

defined as the vertical displacement divided by the original height

Table 1. Properties of commercially available and sustainably sourcedmaterials (rows 1–5) comparedwith those of referencematerial

(row 6)

No Candidate Material Tensile Strength [MPa]

Young’s Modulus

[GPa] Vendor

1 nylon with maple composite

(Terratek WC200180)

72.5 4 Greendot Bioplastics28

2 recycled PEEK resin

(Ketron Sterra 1000 PEEK)

115 4.3 Ketron, Mitsubishi Chemical Group29

3 recycled PEEK glass fiber

composite (PK 150G30)

199.9 8.5 The Resin Enterprise30

4 PLA resin

(Ingeo Biopolymer 3052D)

62 3.6 NatureWorks31

5 P3HB resin 40 3.5 Mango Materials32,33

6 reference material: GFRP

(Zytel 70G33L BK031)

140–200 10.5 DuPont34

P3HB, poly-3-hydroxybutyrate; PEEK, polyether ether ketone; PLA, polylactic acid.

Table 2. Properties of the sustainably sourced composite

material

Property Value

Density [g/cm3] 1.35

Ultimate tensile stress [MPa] 163 ± 6.2

Yield stress [MPa] 104 ± 4.1

Young’s modulus [GPa] 20.6 ± 1.1

Elongation at break [%] 1.7 ± 0.2

Flexural modulus [GPa] 14.5 ± 0.6

Flexural strength [MPa] 240 ± 5.7

Notched Izod impact strength [J/m] 80 ± 11

Heat deflection temperature [oC] 220

Melt flow index [g/10 min] 9 ± 0.2

Table 3. Optimal processing parameters for the injection

molding of eco-voxel parts

Parameter Value

Processing/barrel temperature [oC] 260

Mold temperature [oC] 30–35

Holding pressure [MPa] 6.2

Injection pressure [MPa] 8.3

Cooling time [s] 60

Shot size [mm] 60

Flow rate [g/s] 17.4

Please cite this article in press as: Georgiou et al., Eco-voxels: Building blocks for sustainable, load-bearing structures, Matter (2025), https://doi.org/
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of the structure from the bottom to the top face nodes. The results

show strong agreement between the computational and experi-

mental data, with both models accurately capturing the point of

strut failure, here defined as the point at which at least one strut

either buckles or yields. Evident non-linearity in the near the

yield/buckle point exhibited in the FEM response, especially in

the 1 3 13 1 case, is attributed to the effect of geometric nonlin-

earity and large deformations (see methods). Even in the single-

voxel case (Figure 2A), where themodel is prone to large deforma-

tions and instabilities, the linear regime of the response remains

well aligned with experimental results. The stress drops observed

indicate progressive failure of the beam struts due to buckling.

Moreover, this drop is followed by strain softening, as the struc-

ture gradually loses stiffness. Since the stiffness of a voxel

structure can be modeled as a connected network of springs,14

the failure of a single strut reduces the overall load-bearing capac-

ity, leading to progressive stiffness loss. As the number of voxels

increases (Figures 2B and 2C), the structure becomes stiffer, ex-

hibiting an increasingly linear response at small strains. Deviations

from linearity in the small strain regime are attributed tominor joint

slipping caused bymetal fasteners within their sockets. Unlike the

single-voxel experiment, where progressive strut failure can lead

to immediate instability, larger structures retain their load-bearing

capacity as intact struts continue to carry the load.57 This distribu-

tion enhances yield and maximum stress, as the load is shared

across more struts, while stiffness degradation, though present

in all cases, becomes less pronounced with increasing struc-

ture size.

While the eco-voxel lattices are primarily designed for load-

bearing applications under compression, their behavior under

tensile loading is expected to follow a similar pattern. Due to

the double symmetry of the voxel faces, the deformation mech-

anisms resemble those observed in compression, with the

struts acting as beam-like elements subjected to bending and

axial forces. The response typically consists of an initial linear

elastic region, followed by progressive strut failure accompanied

by strain softening.14,59 Such tensile responses have been

observed in lattice structures with similar geometric symmetries,

indicating that this behavior is consistent with established

structural trends.60,61

The analysis of small-scale structures streamlined the applica-

tion of ROM for larger lattice structures, demonstrating positive

scaling of mechanical properties with a consistent stretch-domi-

nated deformation pattern.58 Establishing this consistency was

crucial for evaluating the large-scale eco-voxel wall. To assess

the structural performance of the eco-voxel wall, we modeled

the loads required for a load-bearing wall in a one-story residen-

tial building in the United States, according to ASCE7 stan-

dards.26 We accounted for both vertical compressive forces

from roof and snow loads (V) and lateral forces exerted by

wind (W). Specifically, the worst-case distributed downward

load V was defined as V = 1:60 D + 0:75 S, where D represents

the dead load (the weight of the roof supported by the wall) and S

the snow load. The distributed load W was used to simulate the

wind effect (Figure 3A; Table 4). The wall is assumed to carry

one-half of the vertical load, with an additional safety factor of

Figure 2. Development of the eco-voxel wall structural analysis model through experiments, full 3D modeling, and ROM

(A) Effective stress-strain curves and deformation patterns of a single eco-voxel under compression.

(B) Effective stress-strain curves and deformation patterns of a 2 3 2 3 2 eco-voxel lattice under compression.

(C) Effective stress-strain curves and deformation patterns of a 3 3 3 3 3 eco-voxel lattice under compression. The FEM simulations include the effect of

geometric nonlinearity due to large deformations. The stress drops observed during the experiment indicate progressive failure of the struts caused by buckling

followed by strain softening, as the structure gradually loses stiffness.
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2 applied to account for hazardous conditions. We first evalu-

ated the lattice wall’s behavior under vertical loading alone and

then assessed its performance under combined vertical and

lateral loading conditions.

We defined the number of voxels along the x, y, and z axes as

xdim, ydim, and zdim, respectively. To simulate the performance of

1 m2 of the eco-voxel wall, the wall’s length and height were

known and equal to xdim = 14 (z 1m) and zdim = 14 (z 1m), while

the optimal width ydim was under investigation to ensure it could

adequately sustain the applied loading conditions, V and W. We

tested four cases with width values ranging from 5 (z 0.4m) to 8

(z 0.6 m). A displacement-controlled loading condition was

applied to the top of the wall. Once the stress state of the wall

was established, traction at the load-application boundaries

was calculated.51 The yield load for each eco-voxel wall config-

uration was defined as the point at which the von Mises stress

within any eco-voxel beam exceeded the material’s yield stress

(Table 2). For an eco-voxel wall configuration tomeet the desired

structural performance, its yield load must exceed the applied

loads; specifically, the ratio of yield load to applied load should

be >1. This condition is satisfied for eco-voxel wall configura-

tions with widths of six eco-voxels or greater (Table 5). We also

observed that beyond ydim = 6, the increase in yield stress be-

comes marginal (increase <10%).

We conducted a sensitivity analysis on the eco-voxel’s beam

width (w) and thickness (t) to assess their influence on wall stiff-

ness and energy absorption (Figures 3B and 3C). The insights

from this analysis can guide future designs with narrower wall

widths, optimizing material use while enhancing structural integ-

rity. We tested a minimum of 12 w and t combinations for each

wall width configuration (Figures 3B and 3C), ranging from 0.4

to 2.2 times the baseline values, with the baseline marked by

Figure 3. Structural performance of a 1 m2 eco-voxel wall

(A) Schematic of eco-voxel wall with varying widths (ydim = 3, 4, 6, 8) subjected to vertical compressive forces from roof and snow loads (V), and lateral wind

loads (W).

(B) Parametric study of eco-voxel wall configurations with varying ydim, and thickness, t. We tested a minimum of 12 t combinations for each wall width

configuration, ranging from 0.5 to 2 times the baseline values by incrementally increasing t by 0.1 before the baseline configuration and by 0.2 after the baseline

configuration. The baseline configurations are highlighted with black star markers for easy reference.

(C) Parametric study of lattice wall configurations with varying ydim and voxel width, w. We tested a minimum of 12 w ranging, for each wall width configuration,

from 0.5 to 2 times the baseline values by incrementally increasing w by 0.1 before the baseline configuration and by 0.2 after the baseline configuration. The

baseline configurations are highlighted with black star markers for easy reference. The term baseline refers to walls with the corresponding ydim that consist of

voxels with the same geometry as in Jenett et al.,14 which was also used to evaluate the structural performance of the wall (Table 5).
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black star points. Narrower wall width (ydim = 3, 4, 6, 8) values

than those in the baseline were considered. The values of t

and w are incrementally increased by 0.1 before the baseline

configuration and by 0.2 after the baseline configuration. The

term baseline refers to walls with the corresponding ydim that

consist of voxels with the same geometry and dimensions as

in Jenett et al.,14 which was also used to evaluate the structural

performance of the wall (Table 5). Holding the beamw and t con-

stant, we observed that energy absorption at yield increased

proportionally with eco-voxel wall thickness. Absorbed energy

at yield is defined as the amount of energy absorbed by the

wall before it reaches the yield point during compression. Re-

sults show a linear relationship between wall effective stiffness

and energy absorption, with the effective stiffness increasing

as the beam becomes less slender. Adjustments to the beam’s

t or w shifted the results accordingly, highlighting the strong in-

fluence of these dimensions on the eco-voxel wall effective stiff-

ness and energy absorption. These findings could inform the

optimization of the eco-voxel wall’s effective stiffness-to-mass

ratio for more efficient designs.62

Sustainability assessment of eco-voxel load-bearing
wall
We assessed the sustainability of the eco-voxel wall using as key

metrics the GHG emissions generated during materials produc-

tion andwall manufacturing, as well as the structure’s mass. One

square meter of eco-voxel wall was compared with a concrete

masonry wall, a 3D-printed concrete wall, and a CLT wall of

similar load-bearing capacities from a cradle-to-gate, structural

perspective (Figure 4). The concrete wall is made of hollow con-

crete masonry blocks, reinforced by two concrete columns and

one beam with steel rebar and has a 30-cm thickness. The 3D

concrete wall uses a high-performance concrete consisting of

ordinary Portland cement, fly ash, river sand, polypropylene mi-

crofibers, alkali-free accelerators, and super-plasticizers. The

CLT wall consists of wood panels made by bonding layers of

solid-sawn timber. Each layer is oriented perpendicular to the

one below it and glued along the wide faces, typically in a sym-

metric configuration to ensure that the outer layers align with the

same grain direction.

As shown in Figure 4, the concrete masonry wall has the high-

est GHG emissions, at approximately 130 kg CO2-equivalents

(CO2-eq), followed by the 3D-printed concrete wall at around

125 kg CO2-eq, and the CLT wall at roughly 100 kg CO2-eq.

The eco-voxel-based wall exhibits the lowest GHG emissions,

estimated at 80 kg CO2-eq—over 30% lower than the concrete

walls and about 20% lower than the CLT wall. Additionally,

there is a significant variation in the mass of the walls: the con-

crete wall is the heaviest at approximately 400 kg, while the

eco-voxel wall is the lightest at around 16 kg.

These results demonstrate that adopting the eco-voxel

approach can lead to substantial reductions in GHG emissions

while maintaining the required structural integrity for residential

construction. Furthermore, the lightweight nature of the eco-

voxel wall can contribute to additional environmental savings

during manufacturing and reduce overall construction costs.

We acknowledge that the current eco-voxel wall structure

does not include the same environmental barriers or insulation

functions as concrete and CLT walls. Our comparison focuses

solely on structural components, ensuring equal mechanical

performance across structures. Amore comprehensive compar-

ison of the functional performance of the three wall systems

would require the inclusion of a skin for the eco-voxels material.

Although this is beyond the scope of the present study, the 20%–

40% lower GHG emissions of eco-voxels walls compared with

concrete and CLT ones provide sufficient margin to assume

that even with the incorporation of a sustainably sourced or

recycled skin, the eco-voxel approach would perform better

from an environmental sustainability perspective.

DISCUSSION

Safety considerations, stability, and long-term behavior
of eco-voxel structures
The structural performance of the eco-voxel wall depends on

both the structural design and the material properties. Three

key aspects should be considered: safety factors and their

scaling with respect to the structure size, structural stability

and post-yield behavior, and the long-term creep behavior of

the thermoplastic composite eco-voxels.

In this study, we presented a case with a 1 m 3 1 m wall to

streamline the scalability of our results. In practice, residential

walls typically reach 2.5 m in height (�35 voxels), with lengths

ranging from 2 m (�28 voxels) to 20 m (�280 voxels). Increasing

these dimensions inherently enhances the structure’s stiffness

and resistance to buckling, as the critical buckling load scales

with stiffness. Moreover, as demonstrated in Figure 3, further im-

provements in the load capacity of the wall can be achieved by

optimizing voxel parameters face and adjusting the wall width

(ydim)—potentially reducing it while slightly increasing mass.

Additionally, the applied loads in this study were conservatively

chosen, applying a safety factor of 2 to the vertical downward

load to reflect worst-case conditions and ensure the frame-

work’s practical applicability in construction.

Table 4. Parameters used for the eco-wall’s structural analysis

Parameter Value

Dead load, D [N/m2] 670

Snow load, S [N/m2] 2,400

Total vertical load, V [N/m2] 2,870

Lateral load, W [N/m2] 680

Wall thickness, ydim [No. of eco-voxels] 5–8

Wall height, zdim [No. of eco-voxels] 14

Wall length, xdim [No. of eco-voxels] 14

Eco-voxel pitch, p [mm] 77.4

Eco-voxel’s beam width, w [mm] 2.38

Eco-voxel’s beam thickness, t [mm] 2.26

Table 5. Stress at failure and safety factor of walls with different

width, ydim

Wall width (ydim) 5 6 7 8

Stress at yield [MPa] 16.21 29.60 32.14 34.25

Yield to applied load ratio [�] 0.97 1.09 1.38 1.53
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The sensitivity of the eco-voxel wall to defects was assessed

up to the yield point with less focus on the post-yield behavior.

The wall design prioritizes avoiding yielding to minimize the risk

of failure, making the post-yield response less critical for the cur-

rent framework. Experimental tests (Figure 2) demonstrated that

the voxel geometry and connectivity primarily lead to buckling

and plastic yielding. Even after some isolated failure events,

the structure maintains its load-bearing capacity. This aligns

with established findings on stretch-dominated lattice struc-

tures, where the expected post-yield response typically involves

strain softening over a wide strain range until densification

occurs, at which point the structure resists further deformation

unless subjected to excessive force.14,51,57,58 Therefore, the me-

chanical response of the eco-voxels permits their use within our

sustainable construction framework.

Long-term performance of such a polymer-based eco-voxel

structure will be influenced by complex thermomechanical

phenomena, e.g., creep deformation. Thermoplastics like PTT

are susceptible to creep but reinforcing the polymer with rCF

significantly improves its resistance and are suitable for load-

bearing applications such as automotive flooring and structural

guards.63 Although we expect our structure to maintain integrity

under prolonged loading periods,64,65 further mechanical testing

would be needed to extract detailed material properties under

various environments and loading scenarios.66–71

Integrating eco-voxels into construction
Our PTT-rCF composite is an emerging sustainable material with

increasing availability due to growing recycling efforts and indus-

trial demand. Currently, 30% of carbon fiber produced becomes

waste (�31,200metric tons/year), yet only 15% is recycled, leav-

ing room for expansion.72,73 The global rCF market, valued at

US$151.1 million in 2023, is projected to reach US$297 million

by 2030 (CAGR 8.8%), with improved recycling technologies

driving supply. PTT, widely used in textiles and automotive appli-

cations, is also expanding, with a market value of US$896.8

million in 2021 and a projected US$1.41 billion by 2030 (CAGR

5.4%).74 Specifically, in 2024, North America’s PTT market

was valued at US$134.8 million, while East Asia held a 22.4%

market share, reflecting rising global demand.75 Therefore, while

PTT-rCF composites currently lag behind GFRP, concrete, and

wood in availability, advancements in fiber recovery and bio-

based polymers are expected to scale production, positioning

it as a viable, low-impact alternative to conventional materials.

Although the primary focus of this study is on the structural

performance of the eco-voxel wall, its insulation capacity is an

important consideration for future research. This could be

achieved by incorporating insulation materials or protective

skins, e.g., polyurethane foams or mineral wool, which disrupt

conductive and convective heat transfer.76,77 Additionally, bio-

based alternatives such as cellulose or hemp fibers could offer

promising insulation properties with minimal environmental

impact.78 These materials are lightweight and would not signifi-

cantly affect the mechanical performance of the wall. The

modular design of the eco-voxel structure allows for insulation

to be incorporated internally, externally, or within the voxel cav-

ities, depending on performance requirements.

Conclusion
This study demonstrates a sustainable construction approach

through the development of load-bearing walls made from

modular building blocks composed of eco-friendly materials.

By integrating the principles of digital metamaterials with

advanced computational modeling and sustainable material

design, eco-voxels offer a lightweight, low-emission alternative

to traditional construction approaches, without compromising

structural integrity, making them well-suited for rapid and scal-

able applications (Video S1). Potential uses include space struc-

tures and emergency shelters for disaster relief scenarios such

as hurricanes, earthquakes, wars, and pandemics, where quick

assembly, modularity, and minimal environmental impact are

crucial.

Future work could improve this initial eco-voxel design by

refining its geometry to meet specific stiffness-to-mass targets

and by redesigning the intra-voxel connections to eliminate the

need for fasteners. Additionally, a comprehensive cradle-to-

grave environmental impact assessment—covering aspects

like transportation, usage, and end of life—would offer a more

thorough understanding of the environmental footprint of our

approach. Finally, further research is necessary to address prac-

tical considerations such as insulation, protective cladding, and

durability under diverse environmental conditions, ensuring their

practicality in real-world applications.

METHODS

Material development
The sustainably sourced composite material is partially bio-based

poly(trimethylene terephthalate) (SORONA FG3301 NC010, Du-

Pont, Wilmington, DE, USA), with 35 wt % renewable content

Figure 4. Sustainability assessment

GHG emissions (solid color) and wall mass (transparent color) of the eco-voxel

wall comparedwith a concretemasonry wall, a 3D-printed concretewall, and a

CLT wall of similar load-bearing capacities.
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derived from corn, reinforced with 20 wt % rCFs (Barnet-Carbon

CF82-PU from William Barnet and Son, LLC, Spartanburg, SC,

USA) featuring an average fiber length of 6mmand filament diam-

eter of 5mm, coated with polyurethane (sizing content 1.4 wt %).

The PTT unfilled polymer resin was kindly donated by DuPont

and acquired in pellet form.

PTT is a polyester that is prone to hydrolysis during pro-

cessing, so it was pre-dried in an oven at 80�C for at least

4 h to reduce moisture content to <0.2%. The composite ma-

terial was prepared using a LabTech (Model L5E26-32,

LabTech Engineering Co. LTD, Samutprakarn, Thailand) co-

rotating twin screw extruder at 70–80 rpm at a temperature

of 250�C. The strands were cooled in a water bath before

being pelletized. To prepare mechanical test samples, the pel-

lets were injection molded with a Mini-Injector model 55P

(Electro-Matic, Farmington Hills, MI, USA) at a temperature

of 270�C.
Before testing, the samples were conditioned according to

American Society for Testing and Materials (ASTM) standard

D618.79 Tensile testing was performed according to ASTM

D638 sample type IV at 5 mm/min,80 and flexural testing at

1.4 mm/min according to ASTM D790 procedure A,81 using a

Universal Testing Machine (Instron model 3382, Norwood, MA,

USA). The presented results are the average of five measure-

ments, analyzed using Instron Bluehill software (Note S4 and Fig-

ure S6). Notched Izod impact testing was performed using a

Zwick/Roell HIT25P Plus (ZwickRoell, Ulm, Germany) according

to ASTMD256method A82 at 23�C, with each reported value be-

ing the average of six samples. Heat deflection temperature was

measured using a Q800-DMA instrument (TA Instruments, New

Castle, DE, USA) at 0.455 MPa load, following ASTM D64883

and.84 A melt flow indexer 2000A (Qualitest USA, Plantation,

FL, USA) was used to measure the melt flow rate or index ac-

cording to ASTM D1238.85 Density was measured using an

MDS-300 densimeter (Qualitest USA).

Eco-voxel manufacturing experiments and simulation
The eco-voxel face mold was designed in Rhinoceros 3D

computer-aided design application software (Robert McNeel &

Associates - TLM, Inc., Seattle, WA, USA). A two-part mold

(Figure S2) was machined from multipurpose 6061 aluminum

plates of 3.8 cm thickness, 12.7 cm width, and 15.2 cm length

(McMaster-Carr, Elmhurst, IL, USA) via computer numerical con-

trol machining (HAAS VF1, HAAS Automation, Oxnard, CA,

USA). The eco-voxel parts were manufactured using a Sumi-

tomo El-Exis SP 150/500 injector molder (Sumitomo, Tokyo,

Japan). The optimal injection process parameters are presented

in Table 3. Molded parts underwent sub-micron computed

tomography using Rigaku nano3DX (Rigaku, Tokyo, Japan).

Eco-voxel parts were assembled with 2.38-mm diameter blind

aluminum rivets (McMaster-Carr), using a pneumatic rivet gun,

following Jennet et al.14

The high-fidelity direct numerical multi-physics model incor-

porated both constant and strain-rate dependent viscosity,

exploring the impact of these variables on the mold-filling pro-

cess. The computational domain was created from an STL file

and meshed with 2.15 million elements at a mesh size of

0.2 mm, ensuring detailed resolution for numerical modeling.

The governing equations including the mass, momentum and

energy conservation equations are given as:

V$ðruÞ = 0

rC

�
vT

vt
+ u$VT

�
= V$ðkVTÞ

vru

vt
+ V$ðru⨂uÞ = � VP+mV2u+ rg;

where r, C, k, and m are the mass density, specific heat, thermal

conductivity, and dynamic viscosity of the molten polymer, t is

time, and u, T,P; and g are the flow velocity vector, temperature,

pressure, and gravitational acceleration vector, respectively.

Particularly the dynamic viscosity is dependent on the local

strain rate and temperature, which is measured in experiments.

The simulations are conducted using the commercial software

Flow3D.

Single eco-voxel mechanical characterization
Compression tests of individual eco-voxels were performed on a

model 3400 universal mechanical testing machine (Instron), us-

ing a 5-kN load cell, equipped with an AVE 2 video extensometer

(Instron) at an extension rate of 10mm/min. Bluehill softwarewas

used for data acquisition (Figure S2).

Structural performance simulation, analysis, and
optimization
To assess the structural performance of eco-voxel lattices with

side lengths of up to three voxels (Figure 2) finite element anal-

ysis (FEA) simulations were conducted using full 3D models.

The considered eco-voxel dimensions are listed in Table 4.

SolidWorks 3D computer-aided design application software

(Dassault Systemes, Waltham, MA, USA) was used for the

eco-voxel design. To create the 2 3 23 2, 3 3 3 3 3 eco-voxel

lattices and the eco-voxel lattice wall, we used mirroring as

eco-voxels are symmetric. Following the 3D model design, a

high-fidelity discretization in Hypermesh finite element modeling

and analysis software (Altair, Troy, MI, USA) was performed.

Stress quadratic tetrahedral elements (element type C3D10)

were employed, resulting in approximately 80,000 elements

per eco-voxel. The discretized model was then imported into

Abaqus software (Dassault Systemes, Johnston, RI, USA). The

boundary conditions for the simulations were (1) the bottom

surface of the first layer of the eco-voxel structure was fixed,

and (2) the top surface was free to rotate and displace in any di-

rection. To prevent non-convergencies, a displacement control

approach was used, and a pre-defined displacement was

applied at the top surface to achieve compression.51 The ROM

simulations of the 23 23 2 and 33 33 3 eco-voxel lattices (Fig-

ure 2), as well as the eco-voxel wall (Figure 3), were implemented

on Abaqus using Timoshenko beam elements (3-node quadratic

Timoshenko beam, B32). Each strut was discretized into 10

shear-deformable beam elements with a uniform cross-section.

A mesh sensitivity analysis ensured that the number of elements

achieved convergence, and the results were validated against
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the more accurate full 3D model (Note S5 and Figure S7). All

simulations used the Abaqus explicit solver with geometric

nonlinearity enabled. For computational simplicity, the PTT +

rCF material’s slight stress-strain (Figure S6I) nonlinearity was

neglected, and the pre-yield behavior was approximated as

linear elastic.

To evaluate the structural performance of the eco-voxel wall,

we considered load requirements for a load-bearing wall in a sin-

gle-story residential light-frame construction in the United States,

following ASCE7 standards.26 The wall was designed to support

vertical compressive forces (V), which include one-half the roof

load, one-half the snow load, and a safety factor of 2, as well as

lateral forces due to wind pressure (W). The roof is assumed to

be designed as a sandwich composite, consisting of an eco-voxel

inner layer and two 65-mm-thick CLT layers. Each voxel features a

conservative mass of 31.5 g including the metallic fasteners and

there are 169 voxels in an area of 1 m2 leading to a voxel load of

52.16 N/m2. Each CLT layer, with a density of 485 kg/m3, contrib-

utes 309.26 N/m2, resulting in a total CLT load of 618.52 N/m2.

Summing up both contributions, the total estimated dead-load

is approximately D = 670 N/m2. A snow load of 2,400 N/m2 was

used, reflecting conditions typical of northern U.S. regions. Wind

load calculations were based on a design wind speed of 32 m/s

for Massachusetts, with a lateral wall pressure coefficient of 1.1

leading to a value of W = 680 N/m2 (worst-case scenario). The

distributed vertical (V) and lateral (W) design loads are summa-

rized in Table 4.

Sustainability assessment
The GHG emissions and the mass of the eco-voxel wall were

compared with those of a concrete masonry wall, a 3D-printed

concrete wall, and a CLT wall of similar load-bearing capacities.

To calculate the GHG emissions associated with each wall sys-

tem, a life cycle analysis approach was followed in accordance

with the International Organization for Standardization standards

1404086 and 14044,87 utilizing a cradle-to-gate system bound-

ary. This boundary considers the environmental impacts from

raw material extraction, processing, and manufacturing, but ex-

cludes the transportation, construction, use, and end-of-life

phases of the different walls. The functional unit used is 1 m2

of external load-bearing wall in a single-story residential building,

designed to meet the equivalent load-bearing capacities of each

wall type, based on the ASCE 7 standard.26 This ensures that the

structural capacities of thewalls are comparable while assessing

their environmental impact.

Data from literature sources and the ecoinvent 3.9.1 data-

base88 were used, applying the cutoff system model for global

geographies. Greenhouse gas emissions, expressed in kilo-

grams of CO2-eq, were assessed based on global warming po-

tentials over a 100-year time horizon, following the IPCC 2021

methodology.89 More specifically, the GHG emissions of PTT

were calculated based on information provided by Dupont35

and Kurian,90 while the GHG emissions of rCF reclaimed through

pyrolysis recycling, as reported by Meng et al.43 were consid-

ered. Injection molding and PU emissions were sourced from

ecoinvent.

The concrete wall is constructed from hollow concrete ma-

sonry blocks, reinforced by two concrete columns and one

beamwith steel rebar, with a thickness of 30 cm. The dimensions

of the columns, beam, and the quantities of mortar, concrete,

and reinforcing steel per squaremeter of wall were based onMo-

hammad et al.91 and adjusted for the 30-cm wall thickness.

Plywood for formwork was excluded from the analysis, as it

can be reused multiple times and its contribution to total GHG

emissions was expected to be minimal. The wall utilizes 4 MPa

hollow concrete blocks (dimensions: 140 mm width, 390 mm

length, and 190 mm height) with an average mass of 12.4 kg.

The concrete used is 40 MPa ready-mix concrete, with a density

of 2,453 kg/m3 and a water-to-cement ratio of 0.55. The con-

crete’s composition per m3 includes 380 kg of type ICo cement,

195 kg of water, 1,116 kg of gravel, 744 kg of sand, and 3.8 kg of

admixtures (0.3% retarder and 0.7% superplasticizers by

cement weight). These quantities were adjusted based on the

wall’s dimensions.

For the 3D-printed concrete wall, with a thickness of 0.30 m

(including voids), is made from a high-performance concrete con-

sisting of ordinary Portland cement, fly ash, river sand, polypro-

pylenemicrofibers, alkali-free accelerators, and superplasticizers.

Material quantities were based on those reported by Mohammad

et al.91 Data for Portland cement, concrete plasticizer (sulfonated

melamine formaldehyde), deionized water, and polypropylene

production were sourced from the ecoinvent database, while

the remaining data were taken from Mohammad et al.91

Ecoinvent data were also used for the CLT wall of 0.50 m

width.
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