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A B S T R A C T

The construction industry continuously seeks to improve building efficiency, productivity, and sustainability. 
Within this context, 3D printing has emerged as a promising technology to accelerate construction, reduce costs, 
and support housing development in regions facing rapidly increasing demand. However, to fully realize the 
potential of additive manufacturing in the building sector, all structural components, including insulation layers, 
must be printable. Currently, no fully integrated, printable insulation solution exists, as insulation is typically 
installed adjacent to walls after printing.

This study investigates the performance of a 3D-printed bio-based insulation composite incorporating silica 
aerogel. Key printing parameters are systematically evaluated, and the insulation properties are compared to 
those of manually cast reference samples. Coupled heat, air, and moisture simulations are then performed to 
assess the hygrothermal performance of conventional and 3D-printed wall assemblies integrating the insulating 
material. Finally, the material's susceptibility to mold growth is examined, and strategies are proposed.

1. Introduction

Current constraints (e.g., resource depletion, increasing of global 
population, environmental breakdown …) imply the need to investigate 
new technologies, especially in the construction sector, which accounts 
for approximately 37% of the global greenhouse gas (GHG) emissions 
(United Nations Environment Programme, 2022). Within this context, 
three-dimensional (3D) printing has emerged as an interesting solution 
to address these challenges. While additive manufacturing is already 
widely used in several industries such as plastics, aerospace, and med
icine, its application in the building sector is still in its early stages of 
development. The main advantages of this new technology are cost and 
time reduction, improved design freedom, and reduced environmental 
impact compared to conventional methods.

3D printing directly addresses some of the most pressing challenges 
faced by the building sector today, such as the demand for affordable 
housing that keeps rising, especially in developing countries 
(Moghayedi et al., 2024) and the need for emissions reduction associ
ated with the building sector. Housing demand and the need for sus
tainability create high expectations for 3D printing in the building 
sector. 3D printing relies on the automated, computer-controlled addi
tion of materials layer by layer to form walls and structural elements of 

houses (Bici and Yunitsyna, 2023). Early applications were targeting 
cement-based mixtures, but the latest research has emphasized 
expanding the range of potential printable materials, such as fly ash or 
furnace slag (Arash et al., 2025). Among the most promising alternatives 
are geopolymers, clay- and soil-based composites (Long et al., 2021), as 
well as biopolymer blends (Long et al., 2021), each of which offers 
distinct advantages in terms of sustainability, performance, or local 
availability. To meet the specific requirements of 3D printing for the 
building sector mainly pumpability, extrudability, and rapid setting, 
researchers are also investigating dedicated additives. However, 
achieving the right balance between material properties, environmental 
impact, and cost remains a central challenge.

In addition to material innovation, 3D-printing also brings important 
operational benefits. Automation reduces reliance on manual labor 
(Hossain et al., 2020), thereby lowering exposure to hazardous envi
ronments and improving worker safety. Demonstration projects and 
current technologies show two main possibilities, either the production 
of entire houses via the use of robotic arms on-site, or the quick and 
standardized production of modules using large-scale printers (Hossain 
et al., 2020; Everett et al., 2022). Several technologies are available, 
based on the needs. A robotic arm is able to produce high complexity 
geometry, but suffers mainly from a limited printing area. Its upgraded 
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version is a telescopic arm that can be transported on-site, yet suffers 
from its precision. Looking at bigger system, gantry systems are dedi
cated to wall and house printing, without the need of high operating 
skills. Yet, it suffers from important installation and assembly time. Also 
devices, such as modular crane, also suffer from a lack of precision, but 
can enable large and complex printing projects (Everett et al., 2022). 
From a sustainability perspective, 3D printing contributes in several 
ways. The precision induced by the method minimizes material waste 
(Khan et al., 2021). In addition to the potential use of recycled or 
bio-based materials (Kromoser et al., 2022), it further reduces the 
embodied energy of construction. Current investigations focus on mix
tures incorporating waste-derived aggregates or renewable fillers, as 
well as on enhancing the recyclability of printed elements. The reduced 
time needed to build a house, the use of recycled or waste-based ma
terials (Dweib et al., 2006), and the reduction of waste production 
should imply lower costs, which is crucial for promoting this construc
tion technique, especially in developing countries. Yet, the technology 
itself remains expensive, due to the novelty of the technologye and 
because it still requires significant labour work, on top of high-skilled 
staff, as seen in Fig. 1.

In addition, the current state of the technology emphasizes the non- 
fully automated process, the technology being still relying on labour 
work to install additional components of the wall, such as insulation 
layers (Aldawi et al., 2013), as seen in Fig. 2.

These layers are needed to add properties to the printed wall, on top 
of meeting specific building regulations (Bazli et al., 2023). The printing 
of the insulation, or the additional layers of a wall, using the same 

technique, and/or simultaneously with the house shells, is the next step 
to fully take advantage of the printing technology. This has the potential 
to improve the efficiency of this building method, reduce the costs, 
improve the building speed and overall encourage its adoption.

Among the different approaches targeting thermal insulation applied 
to buildings, several categories can be observed. The first one is to play 
on the composition of the structural material, usually concrete or 
mortar, and trying to optimize its composition or the printing parameter 
(Sovetova and Calautit, 2024) to play on the thermal conductivity. Yet, 
this improvement of thermal conductivity usualy results in a reduction 
in mechanical properties. The second common option is the shape 
optimization of the printed layer (Liu and Du, 2025; Dziura et al., 2023), 
by bringing via specific shapes and geometry air cavities or shapes 
lowering the thermal conductivity. In addition, formed voids can be 
filled with thermal insulation, during an extra step. With a similar 
approach, the design of printed block can be found (de Rubeis, 2022), 
with easy filling of the voids and important freedom for the shapes. Yet, 
all these approaches are targeting a reduction of thermal conductivity 
via 3D printing, but yet are not directly processing the thermal insu
lation material via 3D-printing, therefore limitating the target of fully 
automated house building via 3D printing. Lastly, several papers reports 
the use of 3D-printing for the insulation layer, yet current products 
usually implies post-processing operations, such as important and long 
drying steps (Ma et al., 2022) or sintering in an electric oven (Dutto 
et al., 2023). These steps are difficult to imagine for an on-site print
ing. Therefore, the investigation of the printability of the thermal 
insulation alone, or side-to-side with a structural layer, could path the 
way to more automation for housing construction. Most of the trad
tionnal insulating material appears difficult to process via 3D-printing 
technology, therefore the use of a composite seems mandatory. 
Bio-based materials such as cork and cellulose fibers are a straight for
ward way to design thermal insulating composites, yet the final prop
erties can be not as low, due to the concessions needed to develop the 
composite. On the other hand, silica aerogel appears as the best material 
for thermal insulation. Due to its properties and especially its high 
porosity, silica aerogel has many applications, from battery safety 
(Huang et al., 2025) to thermal protection. Yet, it uses its characteristics 
at its best when considering thermal insulation. For this application, this 
material is usually mixed into composites, as pure thermal insulating 
material (Pantaleo et al., 2024; Borzova et al., 2024) or into structural 
materials (Lamy et al., 2021; Khamidi et al., 2014), for example in 
mortars (Yao et al., 2026). It can also be mixed into coatings, again 
mainly for thermal applications, when silica aerogel in the shape of 
powder is used (Li et al., 2025). Following a previous study, where a 
slurry of silica aerogel and bio-based thermal insulation material was 
developed (Pantaleo et al., 2025) (λ = 22 mW/m⋅K), this study aims to 

Fig. 1. House assembly, project Milestone (Wolfs et al., 2023).

Fig. 2. Addition of insulation material within printed wall (Palazzo, 2025).
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understand its processability via additive manufacturing. Preliminary 
results show a great potential for additive manufacturing, thanks to the 
good processability observed, and a mix design with important amount 
of water, making the material mix design easy to adapt, depending on 
the properties needed. Building upon these developments, the present 
study explores the use of this slurry in the 3D printing process. Starting 
from testing its printability, with a focus on potential dual side-to-side 
printing with concrete, the printed material properties is then 
compared to the conventional process. A comprehensive overview of the 
properties of the material place in walls will be made, via heat, air and 
moisture simulations. Lastly, an assessment of mold development and 
will be carried out, due to the presence of bio-based materials and the 
conditions of on-site printing, being long drying time at low tempera
tures. The effect of an antifungal is also investigated on this slurry.

2. Materials and methods

2.1. Materials

Silica aerogel granulates are obtained from Cabot Corporation, USA 
(Aerogel Particles P100® – Size from 0.1 to 4.0 mm). Xanthan Gum 
(Analytical grade) and Glycerol (Analytical grade) are purchased from 
VWR Chemical, the Netherlands. Cellulose (Cyclin® Cellulose Sound 
Insulation) is purchased from De Isolatieshop B.V., the Netherlands, and 
shredded to obtain loose cellulose (heterogeneous). Weber Beamix 
(Saint-Gobain) was used as the binder for the concrete 3DP layer. 
Antifungi agent is provided by Groupe Berckem.

Insulating material is based on a previous study (Pantaleo et al., 
2025), and its composition is listed in Table 1.

2.2. 3D-printing

Two methods are used in this study to produce the samples. At first, 
samples are printed using a caulking gun (Makita - DCG180ZXK) 
equipped with a custom nozzle at size 100 * 10 mm, and printings are 
made freehand. The second setup is based on the same caulking gun but 
mounted on a robotic arm (ABB - IRB1200-5/9). Sample shapes are 
designed in Rhino, using the Grasshopper® extension, and logged onto 
the robot arm interface. Layer length was set at 200 mm before over
lapping. Additionally to this, the height position of the nozzle was 
adapted to find the ideal printing parameter, on top of the extrusion rate 
directly monitored on the caulking gun. The tested printing speed varies 
from 10 to 55 mm s− 1. Fig. 3 depicts the different printing parameters.

Lastly, a side-to-side 3D printing is done, using concrete and the 
insulation slurry, to mimic a dual 3D-printing. For the concrete, the 
layer height is set at 40 mm, 200 mm length, and printed at 10 mm s− 1, 
as seen in Fig. 4.

The concrete layer is printed at first due to its capacity of hardening 
faster than the slurry. The insulating slurry is printed a few minutes after 
the printing of the concrete layer.

2.3. Thermal properties

To measure thermal conductivity, different techniques are 
employed. The transient plane source method (Hot disk Thermal Con
stant Analyser) is used to measure materials with lower thermal con
ductivities and will provide, in addition, the specific heat capacity value. 
Prior to measurements, the device is calibrated using an EPS reference 
sample provided by the manufacturer, with a declared thermal con
ductivity of 25.3 mW/m⋅K. Measurements are conducted at room tem
perature (20 ± 2 ◦C). The thermal conductivity of printed samples is 
measured using a heat flow meter device (ThermTest HFM 100), at 
different mean temperatures (30 ◦C, 20 ◦C, 10 ◦C, and 0 ◦C). Before any 
measurement, samples are dried overnight at 40 ◦C in an oven (Mem
mert universal oven UF260).

2.4. Compression tests

Mechanical strengths of the printed insulation layer are tested 
through compression tests, using an MTS Criterion equipped with a 
30 kN load cell, at a test speed of 2 mm/min, and at room temperature. A 
minimum of 5 samples (30 mm * 30 mm * 10 mm – BS EN 826), cut from 
the core of the printed layer, are tested.

2.5. Rheology tests

The rheological behaviour of the prepared inks was investigated 
using a strain- and stress-controlled rheometer (Anton Paar® MCR 102e) 
using parallel plates geometry. Amplitude sweep experiments were 
performed at a constant frequency of 10 rad s− 1 by increasing the 
amplitude of the applied oscillatory shear strain from 0.0001% to 
1000%. The apparent yield point τy of the suspensions and foams was 
taken from the intersection of the storage and the loss moduli obtained 
from these oscillatory measurements. Measurements with de.

2.6. Heat, air, and moisture (HAM) simulation

For the HAM simulations, one-dimensional non-steady heat and 
moisture transport processes are solved by coupled differential equa
tions using the software WUFI Pro (WUFIa), i.e., heat transport and 
moisture transport by 
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respectively, where Dw (m2.s− 1) is the liquid transport coefficient, H (J. 

Table 1 
Composition of the printed sample.

Water 
(wt%)

Xanthan 
Gum (wt%)

Glycerol 
(wt%)

Loose Cellulose 
Fiber (wt%)

Silica aerogel 
granulates (wt%)

72.0 2.0 8.0 3.0 15.0

Fig. 3. Printing parameters – Side view.

Fig. 4. Printing parameters, concrete, and insulation layer.
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m− 3) the enthalpy, hv (J.kg− 1) the evaporation enthalpy of water, p (Pa) 
the water vapour partial pressure, w (m3.m− 3) the water content, δ (kg. 
m− 1.s− 1.Pa− 1) the water vapour diffusion coefficient in air, T (◦C) the 
temperature, λ (W/m⋅K) the thermal conductivity, μ (dimensionless) the 
vapour diffusion resistance factor, ρw (kg.m− 3) the density of water, and 
ϕ (dimensionless) the relative humidity RH. The initial and boundary 
conditions are given in Appendix A.

Two designs of walls are investigated. The first one (Fig. 5), 
considered as a standard brick wall structure for cold climate zones (Koh 
et al., 2022; SINTEF Community, 2020), is composed of brick layers for 
exterior and interior walls (thickness = 0.1 m), an air cavity layer 
(thickness = 0.04 m), a wood fiber board (thickness = 0.013), and the 
insulation layer. The second one (Fig. 5) is composed of 3D-printed 
concrete layers (thickness = 0.07 m, based on project Milestone in the 
Netherlands (Wolfs et al., 2023)), an air layer (thickness = 0.04 m), and 
the printed insulation layer. Material properties, listed in Appendix B
and Appendix C, are extracted from WUFI Pro 7 Database (WUFI, 2025). 
Insulation layer properties are measured and added as a new material in 
the software database. Specific heat capacity and thermal conductivity 
are obtained using the transient plane source method, and bulk density 
is calculated by 

ρbulk
(
g
/

cm3)=
Mass (g)

Volume (cm3)
(3) 

where the mass is obtained on overnight dried samples. The porosity is 
obtained via 

Porosity (%)=1 −
ρbulk

ρapparent
⋅100% (4) 

where ρapparent is measured using a helium pycnometer (Micromeritics 
AccuPyc II 1340). The water relative humidity behavior is obtained 
using dynamic vapour sorption measurement. In addition, the devel
oped insulation is compared to two standard insulating materials, 
namely EPS and cellulose.

To investigate the performance of the insulation material, four 
different locations within Europe with different Köppen climates were 
selected: Milan, corresponding to a humid subtropical climate (Cfa), 
Amsterdam for a Marine west coast climate (Cfb), Oslo for a warm 
humid climate (Dfb), and Sodankylä to represent a subarctic climate 
(Dfc). Climate properties are listed in Appendix D and are applied to the 
exterior wall. In addition, the walls are facing the main driving rain 
direction (Appendix D) of each climate. The climate applied to the 
interior walls is set as per ISO 13788 (ISO 13788 Hygrothermal 
Performance of, 2013) with humidity class 3, representing a building 
with unknown occupancy, and a constant temperature set as 20 ◦C. The 
simulations are run over 5.5 years to reach equilibrium, with a time step 
of 24 h. Yearly averages are presented in Fig. 6.

2.7. Mold development simulation and assessment

For the first time, and using the results from the HAM simulations, 
mold development was simulated, using WUFI Pro with the WUFI Bio 
Extension, which employs Sedbauer's bio-hygrothermal model (Klaus 

Fig. 5. Schema of simulated walls – Left: Brick wall, Right: Dual 3D-printing Insulation/Concrete.

Fig. 6. Temperature and Relative humidity variation over one year for selected climates.
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et al.). The selected occupant exposition class is “Surfaces inside con
structions without direct contact to indoor air”, with an initial relative 
humidity in spores of 0.5%. The substrate classes chosen are class 1 for 
the slurry and the cellulose, which correspond to substrates that facili
tate the development of mold, and class 2 for the EPS, which correspond 
to less bio-utilizable substrates (WUFIb). Simulations are run over 5.5 
years, on all the insulation layers, and for the two types of wall 
simulated.

On a second time, freehand samples were printed and placed in a 
climatic chamber, set at 30 ◦C and 80%RH, for a month. An antifungal 
agent, known for its efficiency with bio-based materials, is tested with 
different amounts. The antifungal agent is a microemulsion in water of 
plant extract. A FT-IR measurement is displayed in Appendix E. It is 
assumed that the water amount in the samples remains equal. All the 
compositions are displayed in Table 2.

Two conditions are tested, oven-dried samples (7 days, 50 ◦C - 
Memmert Universal Oven UF260) and wet samples (conditionnement 
starting right after printing) are compared. Pictures and optical micro
scopic observations are made over the duration of the conditioning. In 
addition, wet samples will also be kept wet at room temperature, and 
observed over 30 days as well.

3. Results and discussions

3.1. 3D-printing – thermal insulation

Initially, preliminary printings were carried out using the caulking 

gun in a hand-held, free mode to assess the feasibility of the process 
(Fig. 7).

The material was extruded smoothly from the gun, with no spreading 
observed after deposition, as it remained stable while still wet. This was 
confirmed by the measured layer heights, which were close to the nozzle 
opening (~10 mm), resulting in a total height of approximately 30 mm 
for three printed layers. However, due to the manual nature of the 
process, the depositions lacked precision, leading to non-uniform layer 
formation. Therefore, scaling up with a controlled deposition system 
was required. Rheology measurements were conducted using a robotic 
arm to investigate key printing parameters. Representative results are 
presented in Fig. 8.

Firstly, oscillatory shear measurements (Fig. 8 - a)) show that the 
slurry displays viscoelastic properties, with a storage modulus G’ higher 
than the loss modulus G” at low shear strains, with a cross-over observed 
at higher shear strain, around γ = 200%. In addition, the slurry, made 
with a significant amount of water, does not settle fast and therefore 
remains stable over time. This is confirmed by the rheology curve, with 
no differences observed with delayed samples. Secondly, the two main 
parameters influencing the process were identified as the nozzle height 
and the printing speed. A too small layer height (8 mm in this case) led to 
material overflow on the sides and in front of the nozzle. In addition to 
reduced homogeneity due to side flows, the accumulation of material in 
front of the nozzle resulted in excessive compaction of the deposited 
layer. On the opposite, an excessively large nozzle height (12 mm) 
prevented proper layer packing. After printing the first layer, a signifi
cant gap was observed between the nozzle and the previously deposited 

Table 2 
Composition and conditions for mold development assessment.

Sample Name Water (wt%) Antifungi (wt%) Xanthan Gum (wt%) Glycerol (wt%) Loose Cellulose Fiber (wt%) Silica aerogel granulates (wt%)

Reference 72.0 0.0 2.0 8.0 3.0 15.0
Antifungal_3 69.0 3.0 2.0 8.0 3.0 15.0
Antifungal_6 66.0 6.0 2.0 8.0 3.0 15.0

Fig. 7. Hand-free printing of insulation material.

Fig. 8. a) Rheology of the slurry and examples of 3D-printing using a robotic arm – Robotic arm layer height settings: b) 8 mm, c) 10 mm, d) 12 mm.
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material (Fig. 8 – d)). Considering the slurry viscosity, a layer height of 
10 mm, corresponding to the nozzle opening, provided the most suitable 
condition. Regarding printing speed, three different values were tested, 
and representative samples are shown in Fig. 9.

The influence of printing speed on the final shape was found to be 
less significant than that of nozzle height. All samples were printed 
correctly and did not exhibit major defects or material accumulation. 
Among the tested conditions, a printing speed of 25 mm s− 1 appeared to 
offer the best balance, producing well-defined and consistent samples. In 
3D-printing applied to buildings, extrudability and buildability are 
important and well-established requirements to consider a mortar 
useable in 3D-printing. The similar criteria described by Rangel et al. 
(Rangel et al., 2024; Tripathi et al., 2022; Wolfs et al., 2018) will be 
applied to our material, while not having a similar end goal. For the 
extrudability, a 10 mm layer height printed at 25 mm s− 1 displayed no 
clogging. The deformation after drying sometimes goes above 10% of 
the initial width (40 mm), but will barely go above 25% deformation 
(~10 mm). Additionally, the material is considered buildable if the 
bottom layer withstands a yield stress of at least 896 N m− 2 36, calcu
lated from 

τ0,0 =
ρ.g.H

̅̅̅
3

√ (5) 

where ρ (kg.m− 3) is the density of the printed material, H (m) the height, 
and g (m.s− 2) the gravity constant. With H = 0.08 m (8 layers) and 
ρ = 176 kg m− 3, a yield stress of 79.8 N m− 2 is achieved, far away from 
the minimum value required. Yet, this insulating material is not 
designed to provide strength to a structure, but rather as a layer 
providing extra properties. Beyond the visual aspect, the internal ho
mogeneity of the printed samples is critical to preserve their mechanical 
performance. Cross-sections were prepared by cutting approximately 
1 mm from the sides of the samples, as shown in Fig. 10.

The inner core revealed a homogeneous phase with no visible 
distinction between successive layers. The layers merged seamlessly, 

forming a continuous structure comparable to cast samples, where ma
terial compaction eliminates potential voids. This observation, particu
larly evident near the edges, confirms the overall structural uniformity 
of the printed specimens. The printed samples also met the mechanical 
requirements for insulation materials, with a compressive strength at 
10% deformation measured at 22.9 kPa, compared to 33.1 - 41.3 kPa for 
cast counterparts, depending on the composition. This strength is a 
result of the good affinity between the cellulose fibers and the xanthan 
gum (Pantaleo et al., 2025).

3.2. 3D-printing – double-layer concrete/insulation

To mimic a simultaneous double-layer printing process, the insu
lation layer was printed adjacent to a freshly printed concrete layer, 
immediately after its deposition and before any drying step. Examples 
are shown in Fig. 11 – a). The slight lateral flow of the insulation ma
terial allowed close contact with the concrete, effectively filling poten
tial air gaps between the two materials. Although the adhesion between 
the materials was not quantitatively measured, it appeared sufficiently 
strong for the insulation layer to support the heavy concrete layer, as 
illustrated in Fig. 11 – b).

The interfacial bonding between the two layers was generally good, 
although some very narrow gaps could be observed at the interface, as 
seen in Fig. 12.

These gaps are likely due to shrinkage of either the concrete or the 
slurry during the drying phase, water evaporation, or the printing pro
cess itself, and depend on the position observed, as no gaps can be 
observed in Fig. 12 - b).

3.3. Thermal conductivity of the printed sample

The thermal conductivities of the printed insulation samples were in 
first place compared to those of the cast samples to evaluate the po
tential effect of the printing process. Measurements were carried out 
over a temperature range of 0 to 30 ◦C, and the results are presented in 
Fig. 13.

The thermal conductivity of the printed samples increased slightly 
with temperature; however, the variation remained small, with a 
maximum difference of about 2 mW/m⋅K across the tested range, as seen 
in Fig. 13 -a). In addition, printing the slurry led to a slight increase in 
thermal conductivity compared to the cast samples. This increase was 
observed at all temperatures, with the largest difference reaching 
approximately 3 mW/m⋅K. This is a consequence of the increased den
sity measured for the printed layer. An average density of 
0.176 ± 0.017 g cm− 3 is obtained, against 0.147 g cm− 3 previously 
measured (Pantaleo et al., 2025) on cast samples. Overall, these differ
ences remain very small. Thermal conductivities of the combined con
crete–insulation printed systems were also measured and are shown in 
Fig. 13 – b). The high thermal conductivity of concrete was strongly 

Fig. 9. Printed samples for every printing conditions.

Fig. 10. Side cut of printed samples.

Fig. 11. a) Side-to-side double printing, b) Adhesion between layers.
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mitigated by the addition of the insulation layer. Starting from 
approximately 600 mW/m⋅K for the plain concrete, the effective thermal 
conductivity was reduced by about 60%, reaching around 250 mW/m⋅K 
after the addition of the insulation layer. As previously observed, the 
influence of measurement temperature remained minimal. This value is 
lower than related works in the literature. Ma et al. produced a 
3D-printed concrete filled with silica aerogel, and achieved a thermal 
conductivity of 300 mW/m⋅K, and Rachel et al. 400 mW/m⋅K with 
mortar filled with cork. This work results fall a bit lower than other 

studies, while having a better and easier freedom to improve even more 
the insulation capacity. A first and simple step could be to increase the 
width of the insulation layer, as the thermal-resistance Rvalue is 
described as 

Rvalue =
L
λ

(6) 

where L (m) is the thickness and λ (W/m⋅K) the thermal conductivity.

Fig. 12. Interface cement/insulation - a) Position A, b) Position B.

Fig. 13. Printed sample for thermal conductivity measurements – a) Comparison mold/printed, b) Comparison to concrete wall.

Fig. 14. Moisture content - Brick wall and Printed wall. Slurry and cellulose curves have been smoothed (Savitzky-Golay).
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3.4. HAM simulations

3.4.1. Moisture content
The equilibrium moisture content of the different insulating mate

rials under various climatic conditions over a simulated year is pre
sented in Fig. 14.

The influence of climate is clearly visible in the results, with differ
ences of up to 4 kg m− 3 observed between Milan (Cfa climate) and Oslo 
(Dfb climate). These observations are a direct consequence of the 
important difference in rain quantity, respectively 747 and 604 mm.a− 1, 
and highlight the importance of climate when choosing an insulation 
material. This trend was also observed by Koh et al. (2022). Further
more, the printed wall exhibited a consistently lower moisture content 
within its insulation layer compared to the cast wall, for the same time of 
year and under identical climatic conditions. On average, a difference of 
approximately 2% was observed between the two wall configurations. 
However, the moisture behavior under the subarctic climate of 
Sodankylä strongly affected the insulation layer made from bio-based 
materials, leading to pronounced seasonal variations. The simulated 
minimum moisture content reached 2 kg m− 3, while the maximum 
increased to 9 kg m− 3 (Fig. 14).

3.4.2. Thermal behavior
Based on the thermal conductivity of the insulation materials, and in 

order to meet the requirement of an overall U-value of 0.205 W/m2⋅K, 
the insulation thickness was adjusted according to the wall configura
tion. All thicknesses, together with the total wall widths, are listed in 
Table 3.

Only transient U-values during the “heating period” (from October to 
March) are considered, as U-values under warmer conditions would 
yield non-representative results and are not relevant to this study.

Fig. 15 presents the simulated U-values for the different climates and 
wall structures. Overall, the developed slurry exhibits U-values compa
rable to those of EPS, both being lower than those obtained with cel
lulose, indicating good thermal efficiency of the new material. All 
insulation materials performed better under continental climates Dfb 
(Oslo) and Dfc (Sodankylà), with U-values remaining close to or 
matching the target value of 0.205 W/m2⋅K. Months at the beginning of 
the heating period (October and November) showed higher U-values 
regardless of the climate. Under temperate conditions, however, all 
insulation materials displayed U-values above the target, with the 
highest value reaching 0.32 W/m2⋅K in Milan (Cfa). Regarding the effect 
of wall structure, the printed wall consistently led to lower U-values 
across all climates (Fig. 15). The slurry again demonstrated behavior 
similar to EPS, remaining very close to the target U-value of 0.205 W/ 
m2⋅K, regardless of the month considered. Yet, these results are obtained 
with an insulation layer two times thinner than the reference used. As a 
comparison, with a similar thickness and in climate Cfb (Amsterdam), U- 
values of EPS and cellulose insulation reach 0.348 W/m2⋅K and 
0.322 W/m2⋅K. When comparing climates, the same trends persisted, 
with printed structures performing better in continental than in 
temperate climates. This finding highlights the potential of 3D-printed 
wall systems to reduce wall thickness while improving thermal perfor
mance. Moreover, the developed slurry appears to be a competitive 
alternative to conventional insulation materials. Both wall structures 
made with the developed slurry have an important thickness reduction 
(Table 3) compared to the references, while having comparable or better 
U-values, and being less sensitive to moisture sorption.

In addition, temperatures within the insulation layers were 
measured, at the extremities and in the core, and results are display in 
Fig. 16. Again, no majors behaviors differences can be observed among 
the different materials used as an insulation layer. The type of climate, 
via its differences in temperature over the years, remains the most 
important factor influencing the results. The climate also shows an 
important variation of relative humidity, both among them and over the 
months. Relative humidity can lead to moisture absorption, especially 
for bio-based materials, which are the main component of the mix. High 
moisture absorption could lead to aging or mold development; it is 
therefore important to undetstand the way the slurry behave to mold 

Table 3 
Insulation layer thicknesses and total wall's width in brackets.

Slurry EPS (reference) Cellulose (reference)

Brick Wall (mm) 77.5 (331) 158 (411) 141 (394)
3D printed Wall (mm) 87.5 (268) 178 (358) 159 (339)

Fig. 15. U-values – Brick wall and printed walls.
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development.

3.5. Mold growth assessment

Durability and mold growth are known thanks to a previous study 
(Pantaleo et al., 2025), which revealed a rapid and significant devel
opment of mold on the samples. This way mainly results in the presence 
of materials with high moisture-absorption capacity, such as glycerol 
and xanthan gum. This effect was further enhanced by the predomi
nance of untreated bio-based materials in the mixture. Consequently, 

printing the insulation material adjacent to a wet concrete layer implies 
prolonged exposure to moisture, which may further promote mold 
growth. Controlling mold development is therefore essential. Firstly, 
using WUFI-Bio, the mold growth indexes of the tested insulation layers 
are simulated and are displayed in Fig. 17.

On the brick wall, the majority of the mold indexes reached level 4 or 
above, corresponding to a visual coverage of more than 10% (WUFIb). 
Most indices reached these levels within the first year of simulation, 
indicating the ease with which mold can develop. Among the results, the 
developed slurry and the cellulose show similar averages, indicating that 

Fig. 16. Temperature comparison of the insulation layer, close to exterior wall, at the center of the layer, and close to interior wall – a) Brick Wall, b) Printed Wall.
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the silica aerogel has no significant effect on mold growth. Conversely, 
the EPS layer remains at least one level below, regardless of the climate. 
Yet, some important levels are reached, for exampe index 5 in Milan 

(Appendix F). This observation highlights the effect of the climate on the 
mold development, which appears more influential than the substrate 
itself.

In the dry climates (Dfb and Dfc), almost no level-6 index is reached, 
even after 5 years of simulation. Moreover, for the non-bio-based layer, 
EPS, minimal or no growth can be observed, even after 5 years of 
simulation. This confirms the combined impact of relative humidity and 
temperature on mold growth. Now, looking at the printed wall, the mold 
indexes are more widely distributed. The most significant change is 
observed for bio-based materials: Cellulose drops from class 6 after one 
year in the brick wall, to class 1 after 5 years, in the printed wall. This 
decrease is seen for most of the simulation points. However, a high- 
humidity climate (Cfb/Amsterdam) still shows high mold indexes, 
whether the insulation is bio-based or non-bio-based. This is a conse
quence of the air layer next to the insulation layer for the printed wall. 
This layer, even though it exposes the insulation to variation in relative 
humidity, also prevents moisture accumulation and, therefore, adsorp
tion on the surface layer. The opposite phenomenon occurs in the brick 
wall, where the wood-fiber board initially limits the influence of the 
relative humidity on the insulation yet prevents the renewal and 
removal of moisture from its surface.

Another way to address mold development is through the addition of 
an antifungal agent to the mix. Previous studies have examined different 
antifungal additives, but maintaining a bio-based approach remains 
crucial to preserve the material's low environmental footprint 
(Identification, 2025). Comparisons between dried samples are pre
sented in Fig. 18, while untreated wet samples exhibited extensive mold 
growth (Fig. 20).

On the dried sample, non-treaded, the mold is developing after 30 
days on only a few spots on the surface. The effect of the antifungal agent 

Fig. 17. Mold index under different climates, at Year 1 and Year 5 of simulation.

Fig. 18. Dried samples in conditioning climate chamber – Reference.

Fig. 19. Dried samples in conditioning climate chamber – Left: Antifungal_3, Right: Antifungal_6.
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and, therefore, its need remains quite low here. Fig. 19 shows samples 
with antifungi added to the composition.

The effect of the antifungal agent is highlighted on dried samples, 
since no mold could be observed after 30 days. Yet, considering 3D- 
printing and on-site processing, the material remains wet for a certain 
period of time, and mold development could occur. Wet samples, with 
and without anti-fungi, are placed directly after processing in a climate 
chamber, at 30 ◦C and 80%RH, to assess the mold development. Fig. 20
shows the aspect of untreated wet samples.

The first visible signs of mold development appeared within 15 days. 
The fast development of molds confirms the results from the simulations, 
where most of the mold indexes for the slurry were at 4 or above, cor
responding to important mold development, even within the first year of 

simulation. These wet samples are the closest to on-site printing con
ditions, and addressing the mold development, especially on wet sam
ples, is critical. Samples made with an antifungal agent, at two different 
weight concentrations were made, and the results of the conditioning 
can be seen in Fig. 21.

The antifungal agent appears to be efficient, as no sign of mold 
development could be observed on the surface of the samples, no matter 
the antifungal agent amount added. The main reason is the presence of 
polyphenols in the antifungal agent, which are known for their effi
ciency against mold (Davidova et al., 2024; Lin et al., 2025). The 
quantity needed could also be investigated, yet it appears that only a 
small amount should be sufficient. Finally, wet slurries were stored in 
sealed containers for 30 days to evaluate their preservation stability. As 
shown in Fig. 22, the antifungal additive significantly improved the 
storage behavior of the slurry, allowing it to remain stable and free of 
mold growth.

This could allow to prepare in advance the slurry, and only use it 
onsite for printing, promoting even more its use.

4. Conclusions

This study examines the development of a 3D-printable bio-based 
insulation. Key parameters related to printability were investigated, 
alongside comparative analyses using heat, air, and moisture simula
tions with a standardized brick wall. Additionally, the study evaluates 
mold development and proposes strategies to mitigate its occurrence. 
The findings reveal several key trends: 

• The insulating material demonstrates significant potential for house 
printing. Its composition allows for straightforward modifications to 
meet specific requirements. Furthermore, it exhibits strong adhesion 
to other construction materials, such as concrete, thereby enhancing 
the speed and advantages of 3D-printed house construction by 
allowing potential double-nozzle printing.

• Printability has minimal impact on the insulation material's prop
erties. Thermal conductivity increases by only 10%, with the lowest 
measured λ value at 26 mW/m⋅K. While the compression stress at 
10% displacement is lower than that of the cast samples, it remains 
above the minimum requirement for insulating materials, averaging 
23 kPa.

Fig. 20. Wet samples in conditioning climate chamber – Reference.

Fig. 21. Wet samples in conditioning climate chamber – Left: Antifungal_3, Right: Antifungal_6.

Fig. 22. Wet samples aspects at 30 days.
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• Through heat, air, and moisture simulations, the new insulation 
material exhibits superior performance to bio-based material, 
though it remains slightly less efficient than petroleum-based alter
natives. Its behavior under varying climatic conditions is similar to 
that of conventional materials. These results are obtained for a layer 
thickness two times smaller than the reference materials used.

• Mold growth, which readily occurs when the insulation dries adja
cent to a wet concrete layer, can be effectively addressed using 
antifungal agents. Due to the slurry's composition and high water 
content, incorporating small quantities of antifungal agents proves 
both practical and efficient.
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