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ABSTRACT

Achieving Integrated Tailored Thermal Insulation (ITTI) for architectural components can 1 Detailed shot of the fabrication

enhance building energy efficiency. However, it presents significant technical challenges. experiment, imagining the multi-
) ) ) i ) ) o material thermal-insulated wall

This paper introduces an approach using gradient multimaterial additive manufac- system applied on larger scales.

turing (MMAM) to overcome these challenges. We adopt the Single-Nozzle system to
process paste and filament materials, including clay/diatomite-based and fiber-fused/
foaming polyethylene filament, to achieve seamless material transitions and optimized
thermal properties. Initial validation involves testing for print quality and functionality.
Subsequently, we fabricate a series of polyethylene masonry units to form a wall system,
where high-stress regions are reinforced with fiber-fused polyethylene while low-stress
areas are composed of foaming polyethylene, providing both load- bearing capacity and
thermal insulation. Results indicate significant improvements in printability, structural
integrity, and thermal efficiency of the printed components.

Keywords: multimaterial additive manufacturing, functionally graded material, architec-
tural insulation, load-bearing, 3d printing
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INTRODUCTION

Masonry structures and its insulation

Contemporary masonry architecture often employs a
layered approach for load-bearing structures and insula-
tion, treating them as separate components of the building

envelope (Frampton 2001). While this method is widely used,

it poses challenges for thermal efficiency.

Masonry relies on durable materials like concrete blocks,
bricks, and stone for structural loads (Hendry 2001).
These materials are arranged in bonding patterns such as
running bond, stack bond, or Flemish bond, with mortar
providing both adhesion and load distribution to enhance
stability.

Thermal insulation is typically added as a separate layer,
using materials like rigid foam boards, fiberglass batts, or
spray foam (Boji¢ and Loveday 1997; Orlik-KoZzdor 2019).
These are applied to the wall's interior or exterior, with
rigid foam or fiberglass batts installed within framing
systems, and spray foam filling gaps to improve thermal
performance.

Thermal bridging, identified by Orlik-Kozdor (2019), occurs
when structural elements such as concrete blocks and
mortar joints interrupt insulation, allowing heat transfer
and reducing efficiency. Additionally, the separation
between load-bearing and insulation layers complicates
construction, as materials expand differently under
extreme conditions, risking delamination and structural
integrity (Sridharan 2008). This increases labor demands
and installation complexity.

Integrated Tailored Thermal Insulation

To address the thermal insulation challenges in masonry
architecture, we propose Integrated and Tailored Thermal
Insulation (ITTI) (Figure 2) as a solution to mitigate thermal
bridging and the separation between load-bearing and
insulating elements.

ITTI integrates insulation directly into structural compo-
nents, eliminating separate layers. This approach uses
multimaterial additive manufacturing (MMAM) to tailor
material composition within a single component, allowing
a gradual transition from structurally strong areas to
insulated zones. By precisely controlling material distribu-
tion, ITTI optimizes thermal performance and structural
integrity.
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2 Anintroduction of Integrated Tailored Thermal Insulation. (A) a
conventional concrete cinder block commonly used as a load-bearing
component in architectural systems; (B) a conventional method of
assembling load-bearing structure and insulation layer together; (C)
the integrated insulation method that the insulation material seamlessly
transits to load-bearing component; and (D) the proposed Integrated
Tailored Thermal Insulation method that transitional material distribu-
tion can be tailored based on design demand.
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Adiagram showing the two types of material suppliers with the single-nozzle
Multimaterial (SNMM) extruder system on a modified 3d printer gantry:
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4 Aprinting test showing the material transitional behavior. In this printing
test, the motor is instructed to switch from material 1 to material 2 at x0.
However, the resulting actual interface is observed to be at x2. Therefore
the printing advancement length can be determined as L = x2 — x0.

5 Material transition tests. Print results of 2D zig-zag toolpaths with no
advancement (left) and advancement length L = 58 mm (right);

This integration eliminates interfaces that cause thermal
bridging, improving thermal efficiency and energy perfor-
mance. It also streamlines construction by reducing the
need for multiple layers, enhancing overall component
integrity. ITTI advances masonry design, making buildings
more sustainable and efficient.

However, ITTI faces manufacturing challenges, particularly
in achieving smooth material transitions between load-
bearing and insulating materials. This requires advanced
equipment and precise material deposition.

MMAM technologies offer potential for seamless material
transitions, but their complexity limits broader adoption in
construction. Extrusion-based MMAM is a promising, scal-
able option, though further research is needed to address
current limitations.

This paper reviews precedent works and presents mate-
rial and printing tests to establish a process for producing
functional architectural components using ITTL

State of the Art

The precedent works are reviewed in three areas: multi-
material additive manufacturing (MMAM) for architecture,
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6 Material composition control through the SNMM extruder system.

7 Visualization (left) and printing results (right) of the multimaterial toolpath
of a cylindrical geometry with red and green clays where the transitional
segments are folded and hidden.

novel construction paste materials, and thermal perfor-
mance improvements for masonry components.

In MMAM, two extrusion setups dominate: multi-nozzle
and single-nozzle. Multi-nozzle systems, known for ease

of assembly (Darnal et al. 2023; Dutto et al. 2023; Ali,
Mir-Nasiri, and Ko 2016; Khalil et al. 2004; Skylar-Scott

et al. 2019), can struggle with weak material bonding at
interfaces (Yin et al. 2018) and require frequent calibration
(Inamdar et al. 2006; Sodupe-Ortega et al. 2018; Kolesky et
al. 2014). Seibold et al. (2019) introduced a dual-chamber
printhead for ceramic manufacturing, improving masonry
insulation but facing limitations in complexity, material
compatibility, and scalability. Single-nozzle systems, using
continuous extrusion, improve material bonding and
performance (Baca and Ahmad 2020), especially in micro-
fluidics and fused filament fabrication (Song et al. 2019;
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Fenollosa et al. 2021). Active mixing, originating from
microfluidics (Nguyen and Wu 2004), allows precise control
of material composition and gradient transitions (Ren et al.
2018).

For mid- and large-scale MMAM, Craveiro et al. (2018,
2020) explored cement mixtures with cork granules,
enhancing insulation but limiting structural integrity and
scalability. Chee et al. (2018) used digitally controlled
injection in concrete to customize properties but faced
scalability challenges. Dutto et al. (2023) examined wet
foam for 3D printing porous ceramics, but issues with foam
control and scalability persist.

Jauk et al. (2023) used multimaterial coextrusion to achieve
functionally graded porosity in ceramics, but scalability and
material compatibility remain challenges. Ma et al. (2022)
integrated aerogels into concrete for insulation, reducing
strength, while Dal et al. (2020) explored diatomite-based
firebricks for industrial insulation but noted scalability
issues. Martinez-Diez et al. (2001) found that polyethylene
foam blocks have higher thermal conductivity in central
regions due to cell size variations. Sun et al. (2021) iden-
tified thermal bridging in 3D printed concrete buildings,
emphasizing the need for optimized material formulations.

Ismaiel et al. (2022) reviewed strategies to enhance
masonry wall thermal resistance, recommending improved
design, manufacturing, and material use, such as tight
insulation contact and thermal break assemblies, but these
require interdisciplinary collaboration.

METHODOLOGY

This section outlines the system setup, material compat-
ibility tests, printability tests, and design methods for
producing functional ITTI products.

System Setup

We developed an incremental, multi-step process using

a Single-Nozzle Multimaterial (SNMM) extruder system(-
Figure 3). This system features a single nozzle with a
blending auger (EQ) for mixing materials, feeding augers
(E1, E2) for controlling material flow, and material suppliers
(E3, E4) (Figure 4A). The SNMM extruder, attached to a
modified Creality CR10-MAX printer, can handle up to two
different materials with a large print volume (500mm?). It
employs eight stepper motors for control, using a custom
PCB for precise regulation. The setup accommodates
high-viscosity materials like clay and concrete, with a 4mm
nozzle diameter and 10mm PVC hoses for high-pressure
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extrusion.

System Control

Mixing two paste-like materials poses challenges due

to differing viscosities (Rafiee et al. 2020), which can

cause inconsistent flow or blockages. The SNMM system,
controlled by our custom PCB, adjusts motor speeds to
regulate material composition. Additives were tested to
improve pumpability, extrudability, load-bearing capacity,
and thermal conductivity. We tested two combinations: clay
with diatomite paste, and fiber-fused polyethylene with
foaming lightweight polyethylene (PLA). Both materials offer
high printability and are free from large aggregates.

Material Transitional Behavior

Smooth material transitions are crucial in single-nozzle
printing. The system switches between materials by
altering motor speeds, ensuring a gradient transition
(Figure 4). Our GCode controls material switches based

on extrusion speed, avoiding distinct material interfaces
by adjusting the motor-switch command in advance. A test
using two clay bodies demonstrated that advancing the
motor switch by 58mm significantly improved print quality
(Figure b).

Composition Control

The SNMM system can blend materials by adjusting the
rotational speed ratio between feeding augers. In one

test, red earthenware clay and white diatomite paste were
blended in varying proportions, creating a gradient from
100% diatomite to 100% earthenware (Figure 6). The new
mixture contains from 100% to 0% of diatomite paste (mat1l)
and 0% to 100% of earthenware clay (mat2):

mat; mats

mix; 1 0

mix; 0.9 0.1
mixs 0.8 0.2
mixg 0.7 0.3
p_ U X5 0.6 0.4
mixg 0.4 0.6
mixy 0.3 0.7
mixg 0.2 0.8
mixg 0.1 0.9

mix; g i} 1

Multimaterial Visualization
To visualize toolpaths in multimaterial printing, we used

vertex coloring to reflect material composition, predicting
the final print's gradient transitions (Figure 8).
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8 Compressive test result of earthenware and diatomite cylinder samples.

9 The printed cubic geometry with red earthenware and diatomite (left);
IR photo taken by thermal camera indicating the differences of thermal
performance within one continue object (right).

Material Compatibility and Functional Tests

We studied two material combinations: clay/diatomite
paste and fiber-fused polyethylene/foaming polyethylene.
Diatomite and foaming polyethylene are highly porous,
ideal for thermal insulation (Ivanov and Belyakov 2008;
Nofar and Park 2014), while clay provides load-bearing
capabilities. To ensure compatibility, we added hydroxy-
propyl methylcellulose to diatomite paste, preventing
cracks during drying (Figure 9 and 10). Compression tests
revealed that clay cylinders can support up to 2.7 kN, while
diatomite cylinders support 1 kN (Figure 8). An IR photo
confirmed the thermal properties, with diatomite absorbing
less heat than earthenware in a kiln test (Figure 9 and 11).

For fiber-fused and foaming polyethylene, we determined
an optimal motor speed ratio of 6.67:1 and set the tempera-
ture 10% lower than PLA's to avoid overswelling.

As a pilot study, we used our SNMM system to print two
classical paintings, the Mona Lisa and the Girl With Pear!
Earrings, using carbon fiber-fused PLA and foaming PLA.
As Figure 12 demonstrated, the printing results show high

fidelity and reflect the original appearance of both paintings.

As foaming PLA is highly porous, thus its thermal conduc-
tivity is lower than carbon fiber-fused PLA. Therefore, we
placed both printed pieces in a climate chamber, set the
ambient temperature at 60°C for 30 minutes, and used a
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Cen 520 °C
Max 62.2
Min 257

622

10 Multimaterial printing tests: Right, the test group with hydroxypropyl
methylcellulose applied; and Left, the control group without hydroxy-
propyl methylcellulose.

11 The visuliatzion of the geometrical design; IR photo of the printed piece
indicating the differences of thermal performance within one continue
object when set in the heated envionment.

thermal camera to verify that the material change within
the piece would reflect the thermal situation.

The IR photos of both pieces exhibited the original graph,
indicating the heat absorption varies due to the material
change.

RESULT

This section presents a case study using the developed
SNMM system, printing parameters, and material data to
further demonstrate the feasibility and effectiveness of the
proposed Integrated and Tailored Thermal Insulation.

We designed a masonry wall piece utilizing computational
tools for optimal structural and thermal performance. The
process begins with stress analysis using Karamba3D in
Grasshopper3D, where six vertical loads are applied to
the top of the wall, supported by two base points (Figure
13A). The analysis identifies principal stress lines:blue for
compression and red for tension (Figure 13B). Based on
these stress patterns, the wall's rib structure is generated
(Figure 130). Fiber-fused PLA is placed in high-compression
areas for enhanced load-bearing, while foaming PLA is
used in non-load-bearing areas and for insulation (Figure
13D). The wall is then divided into printable sections with
slicing planes defined for orientation (Figure 13E and F).
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12

12 The Mona Lisa and a girl with pearl earrings printed with carbon fiber fused PLA filament and foaming PLA filament(left); the IR photo of the printed piece
showing the surface temperature is differentiated in different material regions(right).

This approach ensures each component is optimized for its
structural and functional roles, resulting in a 3D-printable,
multi-functional masonry wall.

The toolpath design for the masonry wall system is crit-

ical to achieving both structural integrity and thermal
efficiency. The process starts by identifying the wall's
load-bearing components (Figure 14A). For efficient 3D
printing, continuous curves are developed as toolpaths.
This involves offsetting the rib profile and creating folds in
the load-bearing areas, adding mass to compression zones
for increased strength (Figure 14B and C). Each masonry
piece features more folds in the load-bearing regions and is
printed with fiber-fused PLA. The remaining areas, shown
in white, are printed with foaming PLA for insulation (Figure
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14D). The seamless transition between the two materials
ensures optimal performance without distinct material
interactions. This method results in a masonry wall piece
optimized for both load-bearing capacity and thermal insu-
lation, with an efficient, continuous toolpath to streamline
the printing process.

After designing and slicing the masonry wall system, we
fabricated all masonry units using our SNMM printer with
fiber-fused and foaming PLA (Figure 15).

The masonry wall system (Figures 15 and 16), produced
with a single-nozzle multimaterial 3D printer, shows signifi-
cant thermal performance. After one hour of direct sunlight
exposure at 32°C, thermal imaging (Figure 17) highlights
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distinct thermal behavior between the materials. The
exterior, composed of both fiber-fused PLA in load-bearing
areas and foaming PLA for insulation, reveals that the
fiber-fused PLA absorbs more heat, while the foaming PLA
remains cooler.

The interior side, which is fully made of foaming PLA and not
exposed to direct sunlight, maintains much lower tempera-
tures, indicating strong thermal insulation. The seamless
transition between materials ensures no distinct interac-
tion between them, effectively balancing structural support
and insulation. These findings validate the concept of
Integrated and Tailored Thermal Insulation, demonstrating
that combining fiber-fused PLA for structural strength and
foaming PLA for insulation efficiently meets both thermal
and structural requirements.

CONCLUSION

This study demonstrated the effectiveness of gradient
multimaterial additive manufacturing (MMAM) in improving
the thermal and structural performance of masonry wall
systems. By using a single-nozzle multimaterial (SNMM)

3D printing system, we achieved seamless transitions
between load-bearing and insulating materials, addressing
challenges like thermal bridging and structural integrity in
conventional masonry.

Computational tools, such as Karamba3D in

Grasshopper3D, enabled stress analysis to guide material
placement. Fiber-fused PLA was used in high-stress areas

8 ACADIA 2024

18 The design process of the wall
system: (A) The initial stress
analysis of the wall geometry using
Karamba3D in Grasshopper3D.

Six vertical loads are applied at the
top of the wall, and two supports
are positioned at the base. (B) The
identified principal stress lines:
blue lines indicate regions of
concentrated compressive stress,
while red lines indicate regions of
tensile stress. These lines inform
the subsequent structural design
of the wall. (C) The generated rib
structure of the wall is based on the

C principal stress lines. (D) The appli-

cation of materials based on stress

regions: stronger material (shown
in yellow) is used in compression
regions for load-bearing purposes,
while insulation material (shown in
white)is applied in other regions for
thermal insulation. (E) The division
of the wall piece for fabrication.

This step involves breaking down

the wall into manageable sections,

ensuring ease of production and
assembly. (F) Definition of slicing
planes based on the division

13

for load-bearing, while foaming PLA provided thermal insu-
lation in low-stress zones, optimizing material use while
maintaining structural integrity and thermal efficiency.

Thermal performance tests under direct sunlight confirmed
the approach. Load-bearing regions with fiber-fused PLA
absorbed more heat, while insulating areas with foaming
PLA stayed cooler. The interior side, shielded from sunlight,
remained significantly cooler, highlighting effective thermal
insulation. Smooth transitions between materials ensured
consistent thermal performance.

These results highlight the potential of MMAM for creating
functionally graded masonry components that meet both
structural and thermal needs. This approach enhances
energy efficiency and simplifies construction by reducing
the need for multiple layers. Future research should focus
on optimizing materials and printing strategies to improve
scalability and practical application.
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Right Image (IR): Thermal image taken after one hour of direct sunlight
exposure (32°C), showing heat absorption by the fiber-fused filament.
Middle Row: Interior Side of the Wall. Left Image: The interior side of
the wall, not directly exposed to sunlight. Right Image (IR): IR image
showing that the interior side remains significantly cooler compared
to the exterior side. Bottom Row: Left Image: Close-up of the transition
area between the exterior and interior sides of the wall. Right Image (IR):
Thermal image of the transition area, confirming a smooth material tran-
sition with consistent thermal properties and no distinct interactions.
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