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ABSTRACT

Thermal insulation materials reduce heat transfer and are
typically made from materials like fiberglass, foam, or mineral
wool, which are engineered to trap air and hinder heat
conduction and convection. The traditional manufacturing
processes of thermal insulation materials are often energy-
intensive and result in significant greenhouse gas emissions. In
the current global drive for sustainability, these energy-intensive
manufacturing processes raise environmental concerns and need
to be addressed. In this work, with the objective of addressing
both material sustainability and manufacturing sustainability,
we present an additive manufacturing strategy to fabricate
biomass materials for thermal insulation applications. Firstly,
we propose to use biomass materials, such as wheat straw, as the
primary feedstock materials for manufacturing. Such biomass
materials offer the unique capacity to sequester carbon dioxide
during their growth, and when incorporated into thermal
insulation structures, they effectively capture and store carbon
inside the structure. Concurrently, our pursuit of manufacturing
process sustainability is driven by using a cost-effective additive
manufacturing technology to fabricate durable thermal
insulation structures. In the presented work, we first demonstrate
the formulation of a 3D-printable ink using chopped straw

fibers. We conduct comprehensive rheological characterizations
to reveal the shear-thinning properties and the printability of the
straw fiber ink. Utilizing the direct ink writing (DIW) process,
the straw fiber material is deposited into 3D structures.
Following bulk material characterization tests, including
microstructure, mechanical, and thermal tests. We unveil the low
thermal conductivity and robust mechanical properties. This
paper marks the first work of 3D printing of wheat straw fibers
for thermal insulation structures. The discoveries in this pilot
work demonstrate the potential to leverage additive
manufacturing technologies and sustainable biomass materials
to create both functional and value-added wheat straw parts
tailored for thermal insulation applications.

Keywords: Additive Manufacturing; Biomass Materials;
Sustainable Manufacturing; Direct Ink Writing; Non-Newtonian
Shear-Thinning Property; Thermal Insulation

NOMENCLATURE
G' Storage Modulus
G" Loss Modulus
q Heat flux
K Thermal conductivity
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1. INTRODUCTION

Thermal insulation is vital in various industries as it
mitigates the inherent nature of thermal diffusion and minimizes
the heat transferring from a higher temperature environment to a
lower temperature environment. Using thermal insulation
materials could conserve energy by maintaining thermal
equilibrium and preventing excessive heat loss or gain [1].
Energy conservation not only leads to economic savings but also
translates to reducing greenhouse gas (GHG) emissions and
lowering carbon footprints [2, 3]. The global thermal insulation
market, valued at approximately $31.4 billion in 2022, is
projected to reach $96.0 billion by 2028 [4, 5]. This rapid growth
is driven by increasing awareness of energy efficiency and
sustainability. Among the various thermal insulation materials,
fiberglass, mineral wool, and synthetic polystyrene boards are
widely used [6, 7]. The manufacturing processes for these
insulation materials are well-established, where melting,
extrusion, or chemical reactions are used to create the insulation
products [8]. For instance, fiberglass insulation is produced by
melting glass and then spinning it into fibers. Polystyrene boards
are made by melting and steam-expanding polystyrene beads [9].
However, it is important to note that these traditional
manufacturing processes for insulation materials typically
demand significant energy consumption and rely on fossil oil-
based resources. For example, extracting raw materials, such as
sand for glass or petroleum for plastics, involves energy-
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intensive processes. Melting these raw materials to create
insulation products demands substantial thermal energy obtained
from fossil fuel sources. These manufacturing practices result in
greenhouse gases emissions into the atmosphere and have
negative effects on the environment and climate change. In the
context of today's global emphasis on sustainability and carbon
neutrality, it becomes imperative to optimize these processes by
implementing energy-efficient technologies and promoting
recycling initiatives [10]. This seeming paradox, wherein
energy-intensive processes are employed to fabricate energy-
conservation materials, warrants critical consideration.

However, transitioning to sustainable manufacturing
practices faces two major challenges: material sustainability and
manufacturing sustainability. (1) Material sustainability
challenge: Insulation materials often rely on non-renewable
resources such as petroleum-based plastics or energy-intensive
raw materials like sand for glass [11-13]. Ensuring a sustainable
supply chain for these materials while minimizing their
environmental impact is a major challenge. Moreover,
developing recyclable or biodegradable alternatives introduces
additional material sustainability challenges. (2) Manufacturing
sustainability: The reduction of energy consumption in the
manufacturing of insulation materials poses significant
challenges. Energy-intensive manufacturing processes release
greenhouse gases and other pollutants into the atmosphere.
Developing more efficient manufacturing methods to reduce
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Figure 1 | Additive manufacturing process of wheat straw fiber for thermal insulation structures. (a) Utilizing raw wheat
straw as feedstock materials. The fine fibers are produced through hammer milling. (b) Schematic representation of the Direct
Ink Writing (DIW) process. (c) A photograph of the syringe extruder. (d) Close-up view of the syringe-nozzle configuration.
(e) Photograph showing the DIW printing process. (f) Schematic illustration of the fiber alignment during extrusion printing.
(g) A 3D-printed straw fiber puzzle sample. (h) Infrared (IR) image showcasing the thermal insulation performance of the

assembled puzzle pieces.
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emissions is crucial for sustainability [13]. The research of
Shuang [14] et al. showed that the main components of wheat
straw lignocellulose are cellulose, hemicellulose, and lignin. The
non-disordered structure of cellulose indicates that it is
biodegradable. The microbial pretreatment method has the
advantages of low energy consumption and fewer chemical
additives. Microorganisms including fungi have good
biodegradability for the removal of lignin in wheat straw
materials.

In an effort to address sustainability challenges,
significant attention is drawn to eco-friendly materials due to
their minimal negative impact on the environment during
production, use, and disposal. Eco-friendly materials are often
derived from renewable resources, such as plants or recycled
materials. Among various eco-friendly resources, biomass
materials have gained considerable attention as an alternative to
conventional fossil fuel-based materials. Biomass materials are
derived from plants and biological sources. Unlike finite
resources like fossil fuels, which take millions of years to form,
biomass materials, such as wheat straw, bamboo, and agricultural
residues, can be harvested and replanted regularly, thus
providing sustainable and renewable resources [15]. Biomass
materials often possess fibrous structures. Researchers have
discovered that the inherent fibrous structures in materials like
wheat straw, bamboo, and wood are arranged in a porous
morphology, creating air pockets within the biomass materials.
These air pockets restrict the movement of heat and reduce the
thermal conductivity of the material. As a result, biomass-based
thermal insulation materials are highly sought after for
applications in thermal insulation. Rojas et al. developed thermal
insulation structures using wheat straw and corn husk fibers [16].
The process involved pulping the fibers into a slurry and drying
them in molds. It was found that cellulose, hemicellulose, and
lignin are major constituents in these biomass materials, wherein
lignin forms rigid fibrous structures. They have also discovered
that fiber length had a significant impact on the thermal
conductivity of the materials, with shorter fibers leading to
decreased thermal conductivity. The microstructures of wheat
straw were investigated by Yin et al. [17]. Hierarchical porous
structures were observed in raw wheat straw with the cellular
diameter of wheat straw progressively reducing from the core
towards the external surface (epidermis). Lignin and
hemicellulose were found to be the binding agents that held the
cells together. These hierarchical porous structures were
identified as key contributors to the low thermal conductivity of
raw wheat straws. Although the conductivity of biomass-based
insulation materials is comparable with conventional insulation
products, they face issues such as flammability and moisture
absorption [18]. To this end, research efforts are invested in
developing biomass-based composites. Cen et al. investigate a
full bio-based lignin composite aerogel for thermal insulation
and flame retardancy [19]. With abundant carbon in lignin, when
exposed to high temperatures, carbon-containing materials tend
to char and form a protective barrier that inhibits the spread of
flames, thus showing flame retardancy. Moreover, the rigid

nature of lignin can effectively reinforce mechanical strength.
Wang et al. developed synthesized lignin aerogel, and discovered
that the porous microstructures reinforced by lignin exhibit
robust mechanical properties, thermal insulation properties, and
sound absorption properties [20]. Moisture adsorption is a
potential issue with biomass-based thermal insulation structures,
as water moisture could reduce the thermal insulation
performance and affect the durability of the structural strength.
An effective solution is using hydrophobic surface modification.
Chemical vapor deposition of methyl trichlorosilane (MTCS)
[19], hexamethyldisilazane (HMDS) [21], and carnauba wax
(CW) and beeswax (BW) [22] are widely used in research.

Conventional manufacturing processes, such as
molding, laminating, extrusion, and foaming, have been
employed to fabricate biomass materials. However, these
methods have long relied on energy-intensive procedures, such
as high-temperature processing, extensive drying and curing, and
high-pressure compression. These energy-intensive practices
were established well before the urgency of climate change
became a global concern. Recently, the concept of a circular
economy (CE) has emerged as a model to address sustainability
in manufacturing [23-25]. The circular economy model
advocates for resource optimization, waste reduction, and
promotes sustainable practices throughout the lifecycle of
products [26]. It aligns with the growing need for
environmentally responsible manufacturing methods. One
notable challenge that limits conventional manufacturing
techniques from adopting the CE model is their centralized
nature, often leading to significant supply chain and
transportation costs [27-29]. In this regard, additive
manufacturing emerges as a decentralized solution towards a
cost-effective circular economy. Additive Manufacturing (AM),
also known as 3D printing, is an advanced manufacturing
process that constructs three-dimensional objects layer by layer.
By additively fabricating 3D structures directly from digital files
and only depositing materials as needed, AM can largely reduce
material waste and enable on-demand production. Moreover,
AM allows for decentralized manufacturing [29-31]. Instead of
relying on a centralized factory, products can be manufactured
closer to the end-users, reducing the need for long-distance
shipping and its associated environmental impact. However,
employing AM technologies to fabricate biomass materials
poses challenges. Many AM technologies are initially developed
for synthetic polymers or metals and may not be inherently suited
for natural biomass materials. Research advances have focused
on using polymer-biomass composite materials for AM
feedstocks. Bi et al. summarized the methods of 3D printing
natural fiber composite materials and their applications in
biomaterials [32]. Composite materials are made by adding
natural fibers to Polylactic acid (PLA). And it can be printed
using the fused filament fabrication (FFF) process. Oksman et al.
mixed flax fiber with PLA to produce environmentally friendly
fiber/polypropylene filament [33]. Another method is the 3D
printing of fiber-based composite hydrogel materials. Kajsa et al.
formulated a bio ink that combines the excellent shear-thinning
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properties of nano fibrillated cellulose (NFC) with the properties
of alginate materials [34]. The combination of rapid cross-
linking capabilities was used for 3D bioprinting of living soft
tissues and cells. While these composite structures exhibit robust
mechanical strength, the addition of polymeric materials leads to
higher thermal conductivity and carbon footprint, limiting its
functionality in thermal insulation and impact on sustainability.

In this work, our objective is to address both materials
sustainability and manufacturing sustainability for thermal
insulation materials. We use straw fibers as the feedstock
material, and extrusion-based direct ink writing process to
fabricate thermal insulation structures. The straw fibers are
derived from the residual stalks of wheat plants after the grains
have been harvested. In many agricultural practices, straw is
often left in the field or disposed of as agricultural waste. By
repurposing the wheat straw, we can reduce agricultural waste
and 3D printing eco-friendly thermal insulation materials. We
design the printable straw fiber ink and utilize the direct ink
writing (DIW) process to fabricate the 3D structures. DIW is a
facile 3D printing technology to deposit viscous inks to 3D
geometries [35, 36]. It allows for precise material deposition,
reducing waste and enabling on-demand production. In order to
assess the printability of the straw fiber ink, we perform
rheological characterization to reveal the shear-thinning
properties and the viscoelastic properties of the ink. In addition,
we performed thermal and mechanical properties
characterization on the 3D-printed straw fiber samples. The
results demonstrate that the wheat straw-based insulation
structure exhibits a low thermal conductivity of 0.030 W/m K
and a robust mechanical strength of 15.89 MPa. The methods to
fabricate the insulation straw are described in this paper, and a
comprehensive investigation and discussion of the sample
properties are presented. We also share our perspectives on the
outlook of additive manufacturing of straw-based thermal
insulation. Notably, this paper marks the first work of 3D
printing of wheat straw fibers for thermal insulation application
with promising potential to scale up for building insulation
envelopes. The promising discoveries in this pilot work
demonstrate the potential to leverage advanced manufacturing
technologies and sustainable biomass materials to create both
functional and value-added wheat straw parts tailored for
thermal insulation applications.

2. MATERIALS AND METHODS
2.1 Straw fiber ink formulation

First, the raw wheat straw (EZ-straw, Rhino Seed) was
hammer-milled into straw fiber and then filtered with a sieve (50
mesh) to remove excessively long fibers which will block off the
nozzle during printing. The processed straw fiber was added to
deionized water at a ratio of 17wt%, and then 1.5 mL of
dispersing agent (DARVAN 811; Vanderbilt Minerals) was
added and stirred for 3 hours until a uniform slurry was obtained.
Finally, 3g of cellulose nanofiber (92% Crystallinity; Nanografi)
was added into the solution in three batches and stirred evenly to
obtain a printable straw fiber ink. Alternatively, fumed silica can

be used as an alternative to cellulose to increase viscosity to
facilitate the extrusion-based 3D printing process.

2.2 Rheological characterization

The rheological properties of the straw fiber inks
investigated in this manuscript were characterized at room
temperature with a TA HR30 rheometer (Waters Corporation,
USA), using a 20 mm parallel plate geometry set at a gap of 250
pm. Flow rate sweep tests were carried out with a shear rate from
107! to 10> s!. Viscoelastic behavior was evaluated by
oscillatory measurements at 1 Hz and with a strain range from
0.01% to 1000%.

2.3 Direct ink writing process

A fused filament fabrication (FFF) printer (Ender 3 Pro,
Creality 3D) is retrofitted to the direct ink writing process. The
original heating-extruder assembly was replaced with a
motorized linear stage (NEMA 11) and a custom-designed
fixture for syringes (10mL luer lock, LiteTouch). The motorized
linear stage was used to move the piston of the syringe,
generating a downward extrusion force for extrusion by pushing
the ink through the nozzle. A luer lock nozzle (1.54 mm
diameter, Nordson EFD) was attached to the syringe. The straw
fiber ink was loaded into the syringe and mounted onto the
fixture. The motion of the syringe was guided by G-code files
generated using an open-source software Slic3r. The thickness
of each layer is 0.85 mm. Following printing, the as-printed
samples could be dried in ambient environments under room
temperature or dried using a freeze-drier with pressure
maintained at 0.013-0.018 mBar.

2.4 Mechanical characterization

The uniaxial compression tests were conducted using a
universal test system (Model SSTM-20KN from United Testing
Systems).

2.5 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was carried out
using a TA Instruments SDT Q600 Differential
Calorimeter/Thermogravimetric Analyzer (DSC/TGA) under
airflow. The temperature increased from room temperature to
500 °C at a ramp rate of 20 °C/min.

2.6 Thermal conductivity measurement
The thermal conductivity of the straw-fiber samples was
measured using a custom-built instrument with heat flux sensors
(FluxTeq). The heat flux and thermal conductivity relationship
was given by:
KAT

1= 3 W

K was the thermal conductivity of the sample. The sample was
placed in between two parallel plates, the temperature difference
of the plates was AT. Ax was the sample thickness. g was the
heat flux value.

2.7 Microstructure characterization

The microstructures of the printed straw fiber specimen
were imaged using the Carl Zeiss AURIGA scanning electron
microscopy (SEM). A thin layer of gold was sputter-coated on
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the surface of interest to avoid the charging effect during SEM
imaging.

3. RESULTS AND DISCUSSION

3.1 Rheological property and printability

The shear rate sweep tests were carried out with two types
of straw fiber inks, including ink of straw fiber with cellulose
and ink of straw fiber with fumed silica (Fig. 2 (b)). In this test,
ink viscosities were measured as a function of shear rate, and the
results were plotted in Fig. 2. The log-log scale plots in Figs. 2(b)
and (c) illustrate a linear decreasing trend, indicating that as
shear rate increases, viscosity decreases due to the restructuring
of the fluid structure—a phenomenon known as shear-thinning.
When no shear force is applied, the 2D-like straw fibers align
randomly, contributing to a higher viscosity due to increased
interactions between the fibers [37]. However, as shear force is
introduced, the 2D-like fibers start to reorient or disperse in the
direction of the shear, leading to a decrease in viscosity (Fig.
1(f)). This reorientation, combined with the cellulose and fumed
silica network, contributes to the observed shear-thinning
behavior. In Fig. 2(c), the comparisons highlight that increased
cellulose concentration corresponds to higher viscosity. Both
cellulose and fumed silica were introduced into the ink to tune
its rheological properties. Cellulose is a carbohydrate material
that forms a continuous network when dissolving into the ink.

This network creates more entanglements between cellulose
molecules, acting as thickening agents to hinder the movement
of ink flow and causing an increase in viscosity. This effect is
more pronounced at higher cellulose concentrations, where the
formation of a more extensive network leads to greater viscosity
(Fig. 2(c)).

On the other hand, the dynamic rheological behavior is
shown in Figs. 2 (d)-(f), where the Storage Modulus (G")
measures the ink's ability to store energy, and it represents the
elastic (solid-like) behavior of the ink. The Loss Modulus (G")
measures the ink’s ability to dissipate energy, and it represents
the viscoelastic (liquid-like) behavior of the ink. From the plots,
both the G' and G" remain constant under low strain (<1%),
indicating the ink behaves like solid and remains structural
integrity. As the oscillation strain further increases, ink viscosity
decreases, leading to decreasing Storage and Loss Moduli. The
crossover points between the G' and the G" are the yield points,
indicating that the inks are transitioning from solid gel yield to
liquid flow. The yield point is used to characterize the
viscoelastic property of the ink. As the cellulose concentration
increases, as shown in Figs. 2(d) to (), the yield points shift from
9.1% strain to 10.5% strain, and further to 50.4% strain,
indicating that increasing cellulose leads to a more pronounced
solid-to-liquid transition.
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Figure 2 | Rheological characterization of the straw fiber inks. (a) A schematic illustration of the relationship between the
ink extrusion and the rheological properties. (b) Shear thinning properties of straw fiber inks with cellulose and fumed silica as
different rheological modifiers. (c) Shear thinning properties of the straw fiber inks with varying concentrations of cellulose.
(d)-(f) Dynamic rheological characterization of the straw fiber inks with varying concentrations of cellulose.
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The rheological analysis indicates that utilizing cellulose as
a rheological modifier in the range of 1.85% to 3.64% is optimal
for facilitating the extrusion-based DIW process. Below 1.85%
cellulose concentration, the ink exhibits insufficient viscosity
and storage moduli to support forming a robust 3D structure.
Conversely, exceeding 3.64% cellulose concentration results in
an ink that is overly thick for stable and continuous filament
extrusion. In Section 3.4, we will discuss how varying cellulose
concentrations influence the properties of the samples.

Reproducibility and  repeatability —are  important
considerations in producing a transformative new manufacturing
process. To demonstrate reproducibility and repeatability, we
printed printing tests at independent times on different days,
generating a total of seven printed samples. The random
variation in environmental conditions, such as the humidity and
temperature, was considered independent variables. Our goal is
to have consistent printing results and qualities under diverse
environmental conditions. Upon fabrication, we meticulously
measured the length, width, height, and weight of each sample,
presented in Fig. 3. Consistent results can be observed in the
histogram plots in Fig. 3 to demonstrate the reproducibility and
repeatability. There are usually two reasons why a print is not
repeatable. Firstly, nozzle blockage will prevent printing. We use
mesh to filter out the excessively long wheat straw fiber.
Secondly, air bubbles mixed in during the loading process will
also affect the printing effect. Our treatment method is to process
the syringe filled with materials at low pressure for 5 minutes to
reduce air bubbles in the syringe.
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Figure 3 | Reproducibility study of the straw fiber additive
manufacturing process. (a) A summary of the mean and
standard error of the mean for length, width, height, and weight

of the 3D-printed straw fiber samples. (b) Photographs of the
printed samples in this study.

3.2 Direct ink writing (DIW) process

We printed various 3D geometries, as presented in Fig. 4, to
highlight the versatility of the DIW process with straw fiber inks.
The hollow cylinder model in Fig. 4(b) demonstrated that a high
aspect ratio (height-to-wall thickness ratio) structure can be
printed and maintained freestanding. This model highlights that
the straw fiber inks have sufficiently high storage modulus (G’)
to sustain a 3D structure without sagging or drooping. While the
visibility of each layer warrants future process resolution
optimization, it's essential to emphasize that achieving high
aspect ratio structures demands precision in the DIW process.
Any deviation from the defined path can become more

a b

Figure 4 | 3D-printed straw fiber structures. (a) University at
Buffalo (UB) logo. (b) Hollow cylinder model. (c) Vase model.
(d) Assembled puzzle pieces.

pronounced with taller structures, potentially leading to
misalignment and compromising print quality [35, 38]. Figure
4(b) serves as an example of a printed sample.

The 3D-printed vase model in Fig. 4(c) has varying
geometry along the vertical direction (Z-axis). This sample
demonstrates that even with overhanging structures, the straw
fiber ink can uphold freestanding structures without requiring
additional supporting structures. Overhanging structures, often
referred to as downfacing structures, pose challenges in DIW
printing and wusually need support structures to prevent
deformation or collapse during printing. Support structures will
be removed in post-processing and essentially create material
waste. However, owing to the high storage moduli, the straw
fiber inks exhibit a remarkable ability to self-support and retain
their shape without the necessity of additional support structures.

We printed and assembled puzzle pieces as shown in Figs.
1(g) and 4(d) to demonstrate the potential for modularization and
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self-assembly in DIW-printed structures. The modular nature of
the puzzle-like structures and its interlocking mechanism opens
avenues for constructing larger structures, such as building
insulation walls, without the need for fabricating large pieces and
transporting large products. Moreover, by standardizing these
modular components, it becomes possible to create a collection
of building blocks that can be assembled into diverse structures.

3.3 Microstructure characterization

Scanning electron microscopy (SEM) was employed in this
test with two goals: firstly, to reveal the microstructure of the
3D-printed straw fibers samples, and secondly, to discover the
structural distinctions between the freeze-dried (FD) samples
and the ambient pressure dried (APD) samples. The FD samples
exhibit a porous morphology (Fig. 5(a)-(b)). This is due to the
freeze-drying process conducted in a low-pressure, low-
temperature environment, enabling the sublimation of ice
directly into gas and bypassing the liquid phase [37, 39]. The
porous structures observed in the FD samples originate from the
removal of ice during the freeze-drying process [40, 41]. The ice
sublimation results in low surface tension and leads to minimal
shrinkage of the samples.

In contrast, the APD samples (Fig. 5(c)-(d)) demonstrate a
more condensed morphology with a noticeable volume
shrinkage of 40%. During APT, the higher pressure increases the
rate of water evaporation, causing water molecules to escape
from the liquid more rapidly than in FD. The increased presence
of surface tension in APD may intensify shrinkage, as surface
tension tends to pull liquid molecules together, forming cohesive
forces. As the liquid evaporates, this cohesive force contributes
to shrinkage and densification of the straw fiber samples.

Figure 5 | Microstructural characterization of the 3D-printed
straw fiber structures. (a) and (b), Morphology of the freeze-
dried samples. (c¢) and (d), Morphology of the ambient pressure
dried samples.

From SEM images in Fig. 5, we observe the straw fibers
have aligned patterns along the extrusion direction. As the ink is
extruded, the shear rate and shear forces are generated. The shear

forces act parallel to the direction of the straw fiber ink flow, thus
orientating and aligning the fibers along the direction of the
shear, resulting in the observed uniformity in the microstructure
[42]. Aligned fibers could contribute to enhancement in
structural integrity with increased strength and resistance along
the direction of alignment. This alignment also influences the
anisotropic properties, making it more robust and tailored when
subject to external loads in the same direction.

3.4 Property characterization

The properties of 3D-printed straw fiber samples were
comprehensively investigated through thermogravimetric
analysis (TGA), compressive mechanical testing, and thermal
conductivity measurements. The TGA test shown in Fig. 6(a)
revealed that the straw fiber samples have several stages of
thermal decomposition. The initial stage from room temperature
to 100 °C has a 6% weight loss attributed to moisture removal.
Then from 100°C to 250°C, the weight remains close to constant,
indicating a stable behavior within this temperature range. The
first two stages imply the potential practical application of straw
fiber samples, particularly in thermal insulation, owing to their
robustness in the temperature spectrum. Upon further heating
from 250°C to 300°C, a rapid weight loss was observed,
primarily attributed to the decomposition of cellulose component
from both the raw wheat straw and additives, as well as
hemicellulose component from the wheat straw. Then future
weight loss in higher temperatures was a result of lignin
decomposition. The remaining 15% manifested as chars, which
is the carbonaceous residue left after the volatile components
have been released. We used the TGA test to discover the
thermal decomposition stages and also provide proof that the 3D-
printed samples consisted of organic ingredients. Our approach
involves the exclusive use of organic substances without the
incorporation of inorganic insulation materials such as silica and
fiberglass. This material composition ensures an eco-friendly
production process, avoiding energy-intensive manufacturing.
Additionally, the organic nature of the substances used allows
for easy disposal at the end of the product's life cycle.

Compressive mechanical tests were conducted to evaluate
the structural integrity of the 3D-printed straw fiber samples. As
shown in Fig. 6 (b) and (c), a comparative analysis was
performed between the freeze-dried (FD) and ambient pressure
dried (APD) samples. Additionally, we examined the influence
of cellulose concentration on the mechanical properties of each
drying method. From the comparison, we found that the APD
samples show higher stiffness and strength. The maximum
Young’s modulus was 15.89 MPa with a compressive strength
of 7.87 MPa. Moreover, an increase in cellulose concentration
correlated with enhanced Young’s modulus and compressive
strength. Cellulose molecules are self-assembled by strong
intermolecular forces [43-45]. When cellulose concentration
increases, there are more intermolecular interactions, creating a
tighter and more cohesive structure. Besides, cellulose may
enhance the adhesion between layers, promoting better layer-to-
layer bonding [37, 46]. Together, these two factors lead to an
overall increase in mechanical properties.
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In contrast, the FD samples have comparatively lower
mechanical properties, primarily due to the freeze-drying
process inducing a more porous structure (Fig. 5(a)). The porous
structures contain lots of void space, thus compromising overall
mechanical properties compared to the more compact and
structurally robust APD samples.

The thermal conductivity tests were carried out to assess the
thermal properties of the 3D-printed straw fiber samples. As
shown in Fig. 6(d), the lowest thermal conductivity reached
0.030 W/mK. When compared to commercially available
thermal insulation products, the 3D-printed straw fiber
specimens show a lower thermal conductivity, indicating
superior insulation performance [35, 38, 47-49]. In the case of
freeze-dried (FD) samples, as the concentration of cellulose
increases, the thermal conductivity remains at the same level, as
the porous structures of the FD sample dominate the thermal
properties. In porous structures, heat transfer can involve the
movement of air within the pores. Air convection in an ambient
environment is a very low process, thus contributing to low
thermal conductivity. In contrast, for the APD samples, the
addition of cellulose significantly influences the thermal
properties. This is primarily due to cellulose forming a more
condensed structure, essentially enhancing the solid conduction
of heat [50, 51].

Through a comprehensive analysis of both mechanical and
thermal characteristics, it becomes evident that achieving an
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optimal balance in cellulose concentration is crucial for 3D-

printing thermal insulation materials. The concentration of

cellulose emerges as a key factor, impacting not only the
printability but also the mechanical and thermal properties of the
straw fiber specimens. Higher cellulose concentrations enhance
mechanical strength, contributing to improved structural
integrity. However, this strength enhancement comes at the
expense of thermal insulation performance, where higher
cellulose concentrations tend to compromise the thermal
insulation properties.

Future improvements could be focused on finding a

cellulose concentration that strikes an equilibrium, ensuring
favorable printability, robust mechanical strength, and thermal
insulation performance. Another crucial aspect for future
exploration is the assessment of the carbon footprint entailed in
the life cycle of the insulation straw fiber samples. A Life Cycle
Assessment (LCA) will serve to quantify the environmental

impact across multiple stages, including wheat straw fiber

processing, additive manufacturing, energy consumption in
manufacturing, transportation, energy savings with the
insulation materials, and the end-of-life disposal process.

3.5 Perspective and Outlook

This pilot work showcases the viability and efficiency
of employing additive manufacturing to produce thermal
insulation structures with wheat straw fibers. Beyond its
immediate application, the use of wheat straw as a representative
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Figure 6 | Sample properties characterization. (a) Thermogravimetric analysis (TGA) of the 3D-printed straw fiber
samples. (b) Young’s modulus of the straw fiber samples with varying cellulose concentrations. (¢c) Compressive strength of
the straw fiber samples with varying cellulose concentrations. (d) Thermal conductivity of the 3D-printed straw fiber

structures.
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of biomass materials presents an emerging opportunity to use
sustainable material to fabricate functional structures. The future
development of AM biomass materials will focus on large-scale,
integrated AM systems to fabricate value-added biomass
materials. In the sections below, we share our perspectives and
outlooks for future advancements:

(1) Large-scale fabrication: Transitioning from lab-scale
prototypes to large-scale production is a pivotal advancement in
the application of biomass structures. Large-scale fabrication
leads to tangible structures applicable in construction,
packaging, and diverse industries. For instance, biomass
materials with low thermal conductivity can be integrated into
building envelopes positioned between exterior and interior
walls. They serve as insulation barriers to improve energy
efficiency and promote sustainable construction practices.

2) Decentralized manufacturing: Additive
manufacturing features the novel idea of decentralized
manufacturing [31, 52]. This approach facilitates the production
of biomass structures at local levels, potentially on the site where
raw materials are harvested. The shift away from centralized
factories reduces transportation costs and the associated
environmental impacts, but also potentially fosters local
economies. This decentralized model offers increased flexibility
in responding to regional demands, paving the way for a more
adaptive and sustainable manufacturing ecosystem. However,
achieving decentralized manufacturing would take a long path
ahead. It's important to note that while AM offers significant
advantages in terms of decentralization, it might not replace
traditional manufacturing entirely. Instead, it complements
existing methods and is particularly useful in situations where
customization, rapid production, or localized manufacturing is
essential.

(3) Integrated systems: By integrating various stages in the
AM process, including material processing, 3D Printing, and
post-processing, an integrated system ensures quality control of
the insulation straw fiber structures [53]. It streamlines the
production chain, from sourcing raw materials to delivering
biomass-based products, thus offering the foundation for a robust
and sustainable manufacturing system.

(4) Life cycle assessment (LCA): Incorporating Life Cycle
Assessment (LCA) into AM for biomass materials is a proactive
step toward sustainability [8]. Understanding and mitigating the
environmental impact at every stage of production aligns with
the growing emphasis on sustainable practices. LCA could guide
environmentally responsible manufacturing and also inform
consumers and industries about the ecological credentials of
biomass-based products. Additionally, coupling LCA with the
carbon emissions that are associated with material processing,
manufacturing, energy consumption, transportation, and end-of-
life disposal. It offers a transparent disclosure of the ecological
footprint of biomass-based products. It’s worth noting that the
straw fiber acts as a carbon sink through photosynthesis during
its growth, and its adoption in insulation materials sequesters
carbon and stores carbon within buildings. Coupled with the

insulation properties, it could decrease the operational carbon
emissions by conserving energy. This would lead to a pathway
toward carbon neutrality.

(5) Value-added products: Despite the promising
properties of 3D-printed wheat straw insulation structures,
penetrating the market faces challenges. Conventional insulation
products are not only low-cost to customers but also well-
established in terms of performance. Establishing market and
customer trust in eco-friendly alternatives requires not only
superior properties but also strategic positioning. To this end,
leveraging the unique capabilities of AM to produce complex
and customizable structures, such as casts and footwear, offers a
competitive edge. The emphasis should be on developing
biomass materials that not only match but surpass the
performance of traditional options, establishing themselves as
compelling and sustainable alternatives within the evolving
socio-technological market landscape.

(6) Resolution: During the DIW printing process, the size of
the nozzle diameter determines the printing resolution. For
example, higher resolution can be achieved by using a smaller
diameter nozzle. However, due to the relatively large particles of
wheat straw fiber powder, currently only a 1.54mm nozzle can
be used. The mechanism of nozzle clogging during direct ink
writing by Brendan[54] et al. Differences in fiber length, volume
fraction, and nozzle geometry make clogging mechanisms
diverse. Pores in the ink affect fiber orientation and thus
plugging behavior. This means that the ink composition can be
adjusted to prevent certain clogging mechanisms. By solving the
clogging problem, the size of the nozzle can be smaller,
improving the resolution of DIW printing.

4. CONCLUSION

This study marks a pioneering effort in the additive
manufacturing of wheat straw fiber for thermal insulation. The
direct ink writing process is a cost-effective manufacturing
technology that provides a sustainable manufacturing solution.
We evaluated the rheological properties of the prepared ink,
mechanical properties of the freeze-dried and ambient pressure
dried samples, and the thermal insulation performance of the 3D-
printed straw fiber. The insights gained in this work provide a
deeper understanding of the correlation between the material
composition and the additive manufacturing process for
sustainable insulation materials. This work lays the foundation
for future optimizations in the manufacturing processes of straw
fiber insulation materials. We also expect that this pilot work will
serve as a blueprint for the broader adoption of diverse biomass-
based sustainable materials, such as stalks, rice straws, leaves, or
husks. Moving forward, the integration of sustainable material
development and manufacturing technology will be crucial for
addressing contemporary environmental challenges, such as
carbon capture and sequestration, sustainability, and multi-
functionalities.
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