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Abstract: Along with the circular bioeconomy principles, alternative ways of utilizing biomass
waste streams are considered viable approaches to reaching sustainability goals. Accordingly, a
growing body of literature is exploring new materials utilizing biomass in 3D-printing applications.
This article presents early-stage research that initially investigates the usability of bamboo fibers
and dust with bio-based binders in 3D printing towards its use in the design and production of the
built environments. The research delves into solutions through a material tinkering approach to
develop a bio-based composite material that can be used in fused deposition modeling (FDM). It
includes mechanical strength analyses of printed specimens to understand the effects of different
infill designs on the structural performance of objects printed using bamboo-based composite. Then,
it demonstrates a design-to-production workflow that integrates a mechanically informed infill pat-
tern within a self-supporting wall design that can be produced by 3D printing with bamboo. The
workflow is presented with a partial demonstrator produced through robotic 3D printing. The arti-
cle concludes with discussions and recommendations for further research.

Keywords: additive manufacturing; 3D printing; bio-based materials; bamboo; computational
design; robotic fabrication; digital construction

1. Introduction

Rapid population growth is contributing to a considerable increase in the amount of
raw materials used and produced worldwide [1]. The aim to create more ecologically
friendly and sustainable construction processes has boosted interest in using bio-based
materials. Bamboo, a non-wood species, holds promise as a potential sustainable con-
struction material due to its rapid growth rate, being renewable, and being an adaptable
plant that can grow well in a variety of climates and elevations [2].

This research aims to redefine the utilization of bamboo in construction. In many
cases, the production of bamboo-based products generates waste material or by-products,
which are frequently discarded, leading to unnecessary material wastage. To address this
environmental concern and promote sustainability, we propose a method that harnesses
bamboo as powder and fibers to create innovative new products. This approach aligns
with the principles of the circular bioeconomy, offering a solution to mitigate material
wastage and contribute to environmental conservation efforts. Within the circular bioe-
conomy, biomass is projected to play a key role in meeting global climate targets and
moving towards a more circular bioeconomy by increasingly considering wastes and res-
idues as a resource, investigating options for integrated biorefineries, and putting more
focus on material and high-value applications of biomass [3]. A promising technology that
can facilitate the utilization of bamboo powder and fibers in this manner is additive man-
ufacturing (AM), also called 3D printing. AM techniques have seen significant advance-
ments in the last few decades and have also made their way into the building sector. These
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technologies offer the potential to reduce labor costs, minimize material waste, and enable
the fabrication of complex geometries that are challenging to achieve using conventional
production methods. While AM technologies have made significant progress for materials
like plastics, concrete, clay, and steel, research on and application of AM using bamboo
for architectural purposes is missing.

This research addresses this gap by exploring bamboo’s usability in AM applications
and developing a design and manufacturing workflow for a building component made
with bamboo using AM technology. By leveraging AM’s benefits and utilizing bamboo as
a renewable and versatile material, this research seeks to promote sustainable practices in
the field of architecture.

1.1. Agricultural Biowaste for Construction

Over the last decade, the circular economy (CE) has gained significant attention for
its potential to minimize environmental impacts and promote sustainability. The CE
model focuses on maintaining resource value within the system, deviating from tradi-
tional management and playing a pivotal role in transforming biomass waste into raw
materials. The use of agriculturally derived biowaste in construction is an emerging and
sustainable practice that aligns with the principles of CE. Repurposing agricultural by-
products and waste can reduce the negative environmental impacts of both the agriculture
and construction industries.

The amount of biowaste generated by industrial sectors is rising in parallel with the
increasing demand driven by the growing human population. Especially, food and agri-
cultural industries generate enormous quantities of both liquid and solid waste in addi-
tion to that from various other contributing industries [4]. However, challenges, including
the low competitiveness of bio-based products, hinder its full potential. Strategies like in-
corporating functionalized lignin in polymeric materials, biological and thermochemical
treatments of bio-based waste, and producing bioplastics from agrifood waste have been
explored in other research [5]. The incorporation of agriculturally derived biowastes in
construction has the potential to not only provide a sustainable alternative to traditional
materials but also help in managing agricultural residues effectively, contributing to a
more circular and environmentally friendly construction industry. Even though several
aspects related to the manufacturing process, energy use, and supply chain need further
research, the use of biowaste in manufacturing applications shows potential for sustaina-
bility.

1.2. Additive Manufacturing with Agricultural Biowaste

Integrating key enabling technologies (KETs) is essential for transitioning to a bioe-
conomy. Despite the challenges posed by the utilization of edible crops and concerns
about low competitiveness, AM emerges as a pivotal technology in fostering CE models
[6]. AM technology shows promise in recycling biodegradable polymers and fiber-rein-
forced polymers, underscoring their significance in the circular bioeconomy.

The international standard ISO/ASTM 52900:2001 defines AM as the general term for
the process of joining materials to make parts from 3D model data, usually layer upon
layer [7]. AM is distinct from conventional manufacturing techniques like subtractive pro-
cedures that generate a lot of waste material or formative processes that need molds to
produce products in large quantities. Filling a need created by traditional manufacturing
techniques, AM can advantageously fabricate complicated geometries with no part-spe-
cific tooling and significantly less waste material [8]. Based on the technique and materials,
AM processes can be broadly divided into seven categories [9]:

e  Vat photopolymerization (VP).

e  Powder bed fusion (PBF) processes.

e  Material extrusion (ME)-based systems.
e  Material jetting (M]).
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e  Binder jetting (BJ).
e  Directed energy deposition (DED) processes.
e  Sheet lamination (SL) processes.

In ME, the material is selectively dispensed through a nozzle or orifice [10]. In this
research, fused deposition modeling (FDM), which is a type of ME, is explored. FDM is
suggested as a method that offers greater design freedom, larger building volumes, and
more cost-efficient production than liquid- and powder-based AM processes [11].

While AM processes have made substantial strides, there is a need for further re-
search in the field of the built environment. This includes developing sustainable materi-
als for construction, advancing the design methods and tools, and process optimization.
The integration of innovative materials, such as geopolymer concrete and natural fiber-
reinforced materials, has been explored [9]. However, the imperative remains to develop
new materials capable of replacing materials that are not environmentally friendly. There-
fore, the contemporary focus is on developing sustainable materials that are harmonious
with advanced manufacturing techniques.

Rahman'’s systematic review of AM with a focus on agriculturally derived biowastes
reveals that approximately 58% of the selected papers are from materials research [12].
The majority of biowastes originate from the agricultural, fishery, forestry, and agrifood
industries. Notably, the development of novel materials for AM is still in its nascent
stages, with polylactide (PLA) being the most commonly used material for biowaste-rein-
forced composites.

Romani’s research systematically analyzes works related to biowaste for extrusion-
based AM and identifies a notable increase in interest from 2019 to 2022 [6]. Environmen-
tal and social considerations were limited, despite the predominant focus on material sci-
ence-related research. Most biowaste was derived from industrial and agricultural activi-
ties, emphasizing the paper, furniture, and timber industries. The utilization of polymers
like PLA and its blends, ranging from 1% to 29% by weight, was prevalent.

In conclusion, the systematic reviews underscore the interest in leveraging AM for
sustainable materials, mainly from agriculturally derived biowastes. Despite existing
challenges, these reviews pave the way for future research, highlighting the imperative of
holistic approaches that consider environmental, social, and economic sustainability. As
industries increasingly embrace these materials, the transformative potential of AM in re-
alizing a circular bioeconomy becomes more apparent, promising a paradigm shift to-
wards a sustainable and resource-efficient future.

1.3. Additive Manufacturing with Bamboo

Our literature review shows no commercial AM process utilizes bamboo as the sole
feedstock. However, limited instances of AM involving bamboo fibers have been explored
in other projects. These examples provide valuable insights into the state of the art con-
cerning the utilization of bamboo in AM and offer essential information that informs the
scope and objectives of the present research.

Gama'’s research chemically modified bamboo fibers via a two-step reaction, enhanc-
ing their compatibility with acrylonitrile butadiene styrene (ABS) in 3D printing [13]. The
modified fibers demonstrated improved hydrophobicity, density, and thermal stability.
Employing these treated fibers in 3D printing enhanced mechanical performance, as evi-
denced by improved melting flow index (MFI) and glass transition temperature (Tg) val-
ues.

Soh introduced an extrudable paste using bamboo fiber, chitosan, and mycelium [14].
Optimal compositions with mycelium-enriched bamboo fibers and chitosan exhibited
promising workability, extrudability, and buildability. Adding chitosan to mycelium-
bound bamboo fibers resulted in a notable compression modulus increase, showcasing
the potential for complex 3D forms.
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Zhao investigated the bamboo powder-to-PLA ratio for 3D printing wire. The study
identified an ecologically friendly bamboo powder-PLA composite with a 5:2 ratio, 2%
plasticizer, and 2% lubricant [15]. This composite material exhibited smooth printing,
wood-like texture, and consistent quality, meeting 3D-printing specifications.

Depuydt developed an FDM filament by compounding PLA with bamboo and flax
fibers [16]. Comprehensive characterization, including fiber length-to-diameter ratios, re-
vealed a substantial increase in the filament modulus (91% to 230%) with bamboo rein-
forcement. The study successfully printed a demonstrator part, illustrating the filament’s
practical application.

2. Materials and Experimental Research
2.1. Materials
2.1.1. Binders

Commonly, binders refer to viscous liquids that can solidify through a chemical or
physical reaction. Mixing them with filler materials (fibers or powder) binds the filler ma-
terials. Glue is one of the most commonly used binders. Four primary synthetic thermo-
setting resins (phenol formaldehyde, urea formaldehyde, melamine—formaldehyde, and
polymeric diphenylmethane diisocyanate resin) form the conventional base for wood
composite adhesives. With an increasing interest in eco-friendly alternatives, renewable
biomass resources like lignin, starch, plant proteins, tannin, bark, and vegetable oils are
being explored. Kraft lignin can replace phenol due to its availability, processing ease,
cost-effectiveness, and strong adhesion. Starch, known for its abundance, simplicity in
processing, low cost, and adhesive capabilities, shows potential as a bio-adhesive feed-
stock. Plant proteins are also utilized to develop environmentally friendly wood adhesives
[17].

Binders serve almost the same purpose as adhesives, creating a matrix to bind with
fillers. This research identified the most frequently utilized bio-adhesives sourced from
renewable materials, serving as a foundation for selecting appropriate binders for initial
material trials. The selected binders were corn starch, potato starch, tapioca starch, gelatin,
xanthan gum, collagen peptides, potato-based glue (an adhesive based on potato dextrins
dissolved in water), and wood glue.

2.1.2. Bamboo

Bamboo is a massive perennial grass belonging to the monocotyledon order of the
angiosperms, the biggest member of the grass family [18]. Bamboo’s rapid growth and
productivity rate and quick harvest cycle make it a suitable building material, able to com-
pensate for the high demand for wood [19].

Borowski’s research suggests that planting an additional 10 million hectares of bam-
boo over 30 years could potentially offset the absorption of over 7 gigatons of CO2 emis-
sions, underscoring its substantial environmental contribution [2]. This positions bamboo
as a promising material for climate change mitigation. Additionally, the same study high-
lights bamboo’s rapid growth rate, with daily growth reaching up to 6 cm during its sec-
ond and third weeks, accelerating to 37 cm in the following 4 days. By the third week,
bamboo can achieve an impressive 80 cm of daily growth.

Bamboo presents a versatile alternative to conventional building materials, as
demonstrated by various architectural projects such as the bamboo stalactite by VTN Ar-
chitects and a house in Paranaque, Philippines, showcasing its use in trusses/roof struc-
tures, walls, flooring, scaffolding, and facades [20]. Habibi's review exemplifies ap-
proaches for using bamboo as a structural material in low-income housing through pro-
jects such as a prototype bamboo house designed by Ingvartsen Arkitekter, Blooming
Bamboo home designed by H&P Architects, Pemulung House designed by BUKU, and
Social Production of the Habitat designed by Comunal Taller de Arquitectura [21]. Also,
Nurdiah’s research explores bamboo as a suitable material for organically shaped
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building construction through the Green School, OBI Great Hall, Dodoha Mosintuwu, and
Bamboe Koening Restaurant projects [22]. However, this study diverges from typical ap-
plications by employing bamboo as powder and fibers.

In this research, specifically, three types of bamboo fibers and powder are utilized:
bamboo fibers with length 1-3 mm and diameter 200-400 um (Figure 1a), brown bamboo
powder with diameter 0-100 pm (referred to as bamboo powder B for clarity) (Figure 1b),
and green bamboo powder with diameter 0-100 pum, sourced from Sasa tsuboiana stem
and leaves (referred to as bamboo powder G for clarity) (Figure 1c). These powders are
typically produced for agricultural applications to be used as soil fertilizer due to their
organic composition. They can also be used to produce composite sheets through com-
pression molding.

Figure 1. Bamboo material employed for research: (a) bamboo fibers; (b) bamboo powder B; (c)
bamboo powder G.

2.2. Applied Research Design

Given the significance of design in generating new insights, knowledge, and practi-
cal-theoretical discourse that is accessible and endorsed by experts, this research adopts
a research-by-design approach. The study capitalizes on existing digital design and fabri-
cation technologies in architecture, particularly robotic AM, to explore the potential of
bamboo as a renewable feedstock for bio-based construction materials. The research pro-
cess is structured into four distinct phases: material exploration, printability exploration,
geometry infill exploration, and concept design and prototyping. The experiments follow
a material tinkering approach, which is defined as exploratory research to create a vision
for a meaningful material experience to lead further development [23].

The material exploration phase involves exploring various material mixes, manually
testing their viscosity and homogeneity, and assessing their printability (extrudability)
using a manual extruder at room temperature. The results are documented for analysis
and grading, which helps identify the most promising materials for subsequent mechan-
ical testing.

The printability exploration phase extends the investigation into AM using an ex-
truder mounted on a robot arm. Tests are designed to scrutinize parameters regarding the
object properties, such as height, overhang, layer overlap, and infills, aiming to enhance
our understanding of the advantages and limitations associated with creating a self-sup-
porting wall.

The geometry infill exploration phase concentrates on probing the influence of potato
starch on the geometry of printed objects, with a specific focus on improving material infill
properties to improve structural performance. This is executed by printing diverse geom-
etry infill patterns, which are subsequently subjected to compression testing.

The concept design and prototyping phase serves as a synthesis of knowledge ac-
quired in earlier stages. It involves delineating a particular building component based on
research findings. The chosen material compositions and printing processes are honed
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during this phase to achieve optimal outcomes. The primary objective is to produce a par-
tial prototype, validating the feasibility of AM with bamboo. The design process utilizes
Rhino 7, a 3D modeling software package complemented by Grasshopper 1.0.007 (GH).
GH is a visual programming interface and algorithmic design plug-in for Rhino. It is used
to develop parametric designs and explore diverse design variations. In the context of this
project, GH also contributes to determining the most efficient and effective design for the
intended bamboo-based self-supporting wall and generating the program needed to fab-
ricate it through robotic AM.

2.2.1. Manual Extrusion

The initial phase of material exploration was informed by the insights gained from
the literature review. To formulate a bio-based recipe for extrusion, 27 experiments were
conducted to investigate the performance of 8 different binders in combination with bam-
boo powder B and G, each with the addition of fiber. The preparation procedure varies
according to the type of binder used. Binders such as corn starch, tapioca starch, gelatin,
xanthan gum, and collagen peptides require water to transform into an adhesive. They
are then combined with the fillers. On the other hand, binders like potato starch require
water initially and then need to be boiled to form an adhesive before being mixed with
the fillers. Additionally, potato-based glue and wood glue can be directly mixed with the
powder to create a mixture. Therefore, the mixing and boiling procedure slightly varies
based on the recipe. They all start with weighing the ingredients. The recipe with potato
starch was prepared by combining the starch with water at room temperature until it was
fully dissolved. Then, it was placed on an electric heating plate in a bowl. The mixture was
continuously stirred until it reached boiling temperature, which took approximately 7
min. Then, a thick paste was formed and the mixture became transparent. It was then
placed in a mixer, some dust added, and mixed. The remaining dust and fibers were
added gradually, observing the mixture’s viscosity towards extrusion based on prior ex-
perience.

This phase aimed to assess how the material mixture behaved with various binders
and determine the most promising ones for further investigation in the extrusion printing
phase. This exploration was carried out in two phases: the first focused on exploring the
binding agents that could be used to develop an extrudable mixture, and it was regarded
as a preliminary experiment. It was determined that a second phase was necessary to
achieve a more comprehensive evaluation of the mix and to refine key parameters for
more accurate and effective results in the extrusion printing phase.

The second phase of material exploration involved an evaluation method mainly
based on the extrudability, mechanical strength, bio-based content, and cost of the mate-
rial mixes. Ratios were determined through visual observations performed during the ma-
terial mixing process. The observations focused primarily on geometrical deformations,
such as the transformation of the form from its original state, changes in size and form
due to shrinkage, and changes in surface texture. Other visual changes, such as color var-
iation, were considered irrelevant to the objectives of this work; therefore, they were ig-
nored. Binder-to-filler ratios are detailed in Table 1, and the material compositions can be
found in Appendix A.

Table 1. The matrix of the second material exploration phase, presenting the binder-to-bamboo ra-
tios.

Bamboo Powder B+ Bamboo Powder G +

Bamboo Powder B Bamboo Powder G

Bamboo Fibers Bamboo Fibers
Corn starch 6:1 6:1 7.5:1 4.5:1
Potato starch 6:1 6:1 6:1 6:1
Tapioca starch 4:1 4:1 4:1 N/A
Gelatin 4:1 4:1 2.8:1 4:1
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Xanthan gum 3:1 3:1 3:1 N/A
Collagen peptides N/A 3.6:1 3.3:1 N/A
Potato-based glue 4:1 4:1 5:1 N/A
Wood glue 4:1 4:1 5:1 5:1
Mechanical strength testing in a laboratory setting was unfeasible due to the manual
extrusion of the mixture, making traditional testing methods unreliable. Rather than con-
ducting formal mechanical tests, an intuitive evaluation method was employed, assessing
the specimen’s performance with the following procedure. Each mixture’s resistance to
breakage and bending was evaluated by applying a 350 g weight at the center of each
specimen. Specimens that failed under load were excluded from the next step of the re-
search. Figure 2 delineates the various fillers utilized, comprising two types of powder
(bamboo powder B and bamboo powder G), each supplemented with bamboo fibers
(bamboo powder B + bamboo fibers and bamboo powder G + bamboo fibers). Conversely,
the first column illustrates the array of binders employed: corn starch, potato starch, tap-
ioca starch, gelatin, xanthan gum, collagen peptides, eco-friendly glue, and wood glue.
The figure systematically illustrates the matrix combination of each filler with each binder.
.. Bamboo powder B+ | Bamboo powder G +
Combination Bamboo powder B Bamboo powder G Ba.mb(I:o fibers Bamb(l:o fibers
Corn starch T e T2 —— ESso sy s i)
Potato starch g————— N [Ty s
Tapioca starch o e ey 52 Even sava N n/a
Gelatin ﬁ pe——— D S Gl [,
Xantham Gum | ol | Sty | e el n/a
Collagen Peptides n/a (e gl —“ n/a
Ecologic glue ] e e n/a
Wood glue = e —— e me—

Figure 2. Matrix of the second material exploration phase.

During the testing process, it was observed that glue is susceptible to drying faster in
contact with air, making it difficult to extrude. However, potato starch was more conven-
ient due to its ability to be reconstituted to its initial consistency by adding water, even if
it dries during printing.

In conclusion, to proceed with the printing test, potato starch (marked in gray in Fig-
ure 2) is considered a promising binder due to its cost-effectiveness (compared with other
binders tested), sustainability, and ease of use. These properties make it an affordable and
readily available option for a wide range of users, with potential resistance being an added
advantage.

2.2.2. Extrusion printing

Figure 3 shows the extrusion setup used for robotic AM. It includes the LDM WASP
extruder XL 3.0 (Figure 3a), which regulates the extrusion amount. A stepper motor (Fig-
ure 3b) is attached to the motherboard and controls the extruder. The extruder and stepper
motor are mounted on the URS six-axis robotic arm (Figure 3c).
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Figure 3. The extrusion setup used for robotic AM: (a) LDM WASP extruder XL 3.0 (image source:
https://www.3dwasp.shop (accessed on 05.06.2023).); (b) stepper motor; (c) UR5 robotic arm (image
source: https://www.universal-robots.com (accessed on 05.06.2023).).

YAT 2.4.1 software was used to elaborate the G-code to operate the stepper motor.
The G-code is necessary to ensure successful printing and calibrate the stepper motor’s
speed and pressure in accordance with the paste’s consistency and nozzle diameter prior
to incorporating robotic arm movements. This allows for the sending of commands to start
and stop the stepper motor and specify its speed and number of spins.

The extrusion experiments explored the geometrical possibilities and limitations of
designing a self-supporting wall. Specifically, three characteristics, shown in Figure 4,
were explored: height, overhang, and infill overlap. The maximum printable height con-
strains the object’s size that can be fabricated as a single piece (Figure 4a). Limitations
regarding the overhangs inform about the possibilities related to the form concerning
structural performance (Figure 4b). The infill overlap limits the minimum distance be-
tween two adjacent toolpath curves. In Figure 4c, the dashed line represents the toolpath
followed by the center point of the extruder’s nozzle, while the continuous lines represent
the width of the extrusion. The objective is to identify the optimal distance at which adja-
cent tool paths would make contact to enable bounding while avoiding overlaps.

(a) (b) (0)

~ Y

~ Y

~
SNAAAAAAAAAAAN

:}::r\fse\’qp\’\f\r\r\r\’\

Y

Figure 4. Testing parameters: (a) height; (b) overhang; (c) overlap.

Each characteristic specimen was printed until it reached its limit: for height and
overhang. The limits were determined by the point at which the specimen collapsed. The
overlap was visually assessed until the walls no longer overlapped. Appendix B presents
a comparison of height, overhang, and overlap explorations on printed specimens. Figure
5 shows the sample with the best performance achieved. It reached a height of 8 cm (Fig-
ure 5a) without collapsing on a rectangular footprint of 5 to 3 cm. It had an overhang up
to 70 degrees relative to the printing base (Figure 5b). The minimum distance between the
infill curves was set to 4 mm, which avoided overlaps along the infill with a 4 mm nozzle
size (Figure 5c).
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Figure 5. Printed specimen: (a) height of 8 cm; (b) overhang with a 70-degree slant; (c) overlap with
a 4 mm gap.

2.2.3. Infill Design Exploration through Compression Testing

The design of the infill plays a crucial role in achieving the required structural per-
formance, both during the printing process and in the design of the whole self-supporting
wall. This research performed printing and mechanical tests to explore different infill ge-
ometries using the potato starch-bamboo mixture. This provides insight into the perfor-
mance of both the material mix and the infill, and it sheds light on AM with bio-based
materials in general. The research explores three infill designs, shown in Figure 6: curved
(Figure 6a), honeycomb (Figure 6b), and rhombic (Figure 6c).

Figure 6. Infill geometries: (a) curved; (b) honeycomb; (c) rhombic.

A total of nine specimens were printed, three for each infill type with the same mix-
ture composition. The specimens were dried in a dehydrator at 50 degrees Celsius for 24
h, weighed, and subjected to a compression test, as shown in Figure 7. It was observed
that after 24 h, the specimens reached a visually stable state and did not continue chang-
ing. Therefore, this period was considered the optimal drying period. The color of the
specimen changes during drying, and it exhibits a uniform color after it is completely dry.
The tests were performed after the specimens were dry. However, the optimal drying time
may vary depending on the size of the specimen.

The direction of testing is perpendicular to the layers. This corresponds to the ex-
pected design load on the designed component, detailed in Section 2.2.4. The tests provide
force—displacement curves and the force and displacement at breakage. The experiment
is not statistically representative enough to determine material properties. The goal was
to investigate how different infill designs perform under a compression load. More spe-
cifically, the experiment compares the behavior of curved (Figure 7a), honeycomb (Figure
7b), and rhombic (Figure 7c) infill designs and assesses which has a higher resistance to
compressive loading.
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Figure 7. Compression test: (a) curved; (b) honeycomb; (c) rhombic.

A Zwick Z100 electromechanical universal test machine (produced by ZwickRoell in
Venlo, The Netherlands, available at the Mechanical Engineering Faculty of Delft Univer-
sity of Technology) was used for the compression tests. The results of the compression
tests for all samples are presented in Appendix C. Figure 8 shows one result for each type
of infill design, showing the piece before and after testing, the force—displacement curves,
and the load at which the specimen broke. The primary objective of these tests was to
observe how the specimens would break under compression load. Secondly, we aimed to
observe if there was any clear correlation between fractures and numeric data, such as
maximum load (F break) and maximum load per mass (F/m break) values. No such cor-
relation was observed in these tests. However, the tests provided helpful insights into the
fracture behaviors. It was observed that the corner represents the most vulnerable point
of the specimens, and the more the layer overlapped on the side, the more resistant it was
to breaking. The rhombic grid infill had the lowest performance among the three designs.
The detachment of the sides from the vertices indicates that there may be insufficient
bonding between the infill and the outer walls, which is a potential weakness that could
affect the structure’s overall strength. It is also worth noting that while the rhombic grid
infill did not break significantly in any of the samples, it did show signs of detachment
and cracking, which could be a concern for applications requiring high strength and du-
rability. Conversely, areas with less surface contact seem more prone to detachment, as
was observed with the rhombic infill. Based on the results, the honeycomb infill design
was identified as the best option for the objectives of this research.

The mechanical tests performed on the different infill patterns provide insights into
their mechanical performance in two ways. The numeric results show the maximal load,
and the breaking pattern shows the failure mode. The rhombic infill has a considerably
lower performance on both accounts and is considered to have limited potential for this
study. The curved infill performs best in terms of F break and F/m break values. It also
has the highest material use and density. The breaking patterns show an overall failure of
the specimen at the maximum load, resulting in extensive fragmentation. The honeycomb
infill pattern has lower values, but it can be considered more efficient, considering its
lower material use and less detachment after breaking. The double-wall structure im-
proves the mechanical performance. The breaking pattern shows failure at the vertices of
the patterns, which creates weak points due to their sharpness. Compared with the spec-
imen with curved infill, the one with honeycomb infill shows less overall fragmentation.

The honeycomb infill pattern was selected for the next steps of this study, mainly due
to the potential of the double-wall structure to improve (and also tailor) the mechanical
performance. Rounding the printing path at the vertices can reduce the effect of the weak
points, thus combining some of the strengths of the honeycomb and curved infill patterns.

The honeycomb structure has been extensively used in engineering applications and
those requiring lightweight and high-mechanical-performance applications, such as the
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aerospace, automotive, and construction industries, as well as interior design and furni-
ture manufacturing [24-26].

Curved Honeycomb Rhombic

Before
test

Weight

After test

Graph

Standard force [N]

Specimen 1 Specimen2 Specimen3

Standard force ]

0 15
Oeformationmm)

Deformation [mm)

Deformationmm]

F break

435 N

337N

327 N

F/m break

6.04 N/g

5.04 N/g

5.26 N/g

Figure 8. Results of the compression test of the three specimens.

2.2.4. Actual-Scale Prototyping

The research provides a proof of concept for AM of building components using bam-
boo composites by designing a self-supporting partition wall with an integrated bench
and fabricating a partial mock-up of it on an actual scale. Figure 9 shows the wall’s design
concept, crafted by lofting through a sequence of freeform cross sections. These cross sec-
tions were specifically tailored to accommodate seating, providing adequate back support
as they function as benches while maintaining a sufficient wall thickness to ensure self-
support. The curves were designed to avoid sharp corners, which can cause problems
during fabrication, such as excessive extrusion, due to the circular nozzle and the fact that
it followed the extrusion toolpath with a constant speed without changing its orientation.
Also, the initial experiments had shown that smooth curves allow higher printing perfor-
mance than sharp corners. The curves extend on both sides of the wall to allow seating
surfaces to be integrated into the wall.
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Figure 9. The design concept of the self-supporting wall.

AM allows for intricate performance-based designs. Within the context of this re-
search, the prominent feature of AM was the efficient use of materials by precisely depos-
iting material only where it is needed. Using the visual programming language GH, the
developed algorithm and parametric definition capitalize on this feature by optimizing
the material distribution based on the loads imposed on the designed structure. The par-
ametric definition developed in GH was used to generate a mechanically informed infill
design within specified spatial constraints, accounting for loads and boundary conditions
through an iterative process. It varies the density of the infill based on the type and mag-
nitude of the internal stresses. The algorithm integrates a structural analysis using Ka-
ramba3D 2.2.0, a GH plug-in for finite element analysis. The analysis provides the utiliza-
tion factor, which shows the ratio between the stress and the material capacity in a given
area. A lower utilization factor means the material is underutilized and could be reduced
in the respective location. The algorithm represents the utilization through a color gradi-
ent, shown in Figure 10: red and blue represent the limits for compressive and tensile
stress, respectively, while white represents a neutral or null stress state. The transitional
gradients between these extreme colors form the intermediate shades.

— ]

compressive stress | | null stress | | tensilestress |

Figure 10. Color gradient for utilization.

To achieve a mechanically informed infill design, the algorithm applies a consistent
pattern with uniform cell size over the entire component while allowing for variable cell
wall thickness. As a result, increasing utilization leads to thicker wall thickness, as shown
in Figure 11. This approach ensures that the infill design is optimized for varying stress
conditions throughout the component based on the varying utilization. This enhances the
overall material efficiency of the component.

I 4 1
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| » | 1
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Figure 11. Infill design optimization through customized wall thickness concerning stress condi-
tions.
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(a)

(b)

Figure 12 shows the main steps of the design process through a cross section of the
wall. The first step is the generation of the mesh geometry of the design (Figure 12a). This
mesh is then imported into Karamba3D, where the type of support and load conditions
are calculated (Figure 12b; the arrows show the directions of the considered loads). This
calculation’s output is represented through a color gradient that represents the stress dis-
tribution within the wall (Figure 12c). Within this color gradient, the parts with the lowest
stress are identified as attractor points (Figure 12d). These attractor points are reference
points for generating the infill pattern in the next step.

The generation of the honeycomb pattern (Figure 12e) is accomplished using the
Ngon 2.1 plug-in, which automatically creates a pattern within the geometry boundary.
The center point of each honeycomb cell is highlighted (Figure 12f). Each center point is
connected to the closest attractor point, and the distances between them are divided into
three segments (Figure 12g). These segments correspond to the three different thicknesses
to be employed in the infill design. The thickness assigned to each section is inversely
proportional to the distance, meaning that shorter distances result in greater thinness.
Through this method, the infill pattern is created, taking into account the stress distribu-
tion within the component (Figure 12h). This approach ensures that the infill is optimized
for the specific loads on the component, resulting in more efficient use of materials and
better overall structural performance. The chosen design represents just one of the possi-
bilities that can be implemented. Alternative designs can be developed to meet specific
requirements and constraints depending on the specific space and function where the
component will be placed.

)

)
0
)
)

TGO

— ey
kelaa o] b [

(©) (d) (e) (f) (8) (h)

Figure 12. Mechanically informed infill design process: (a) geometry mesh generation; (b) definition
of loads and supports; (c) utilization output; (d) attractor points; (e) infill geometry; (f) centroid; (g)
distance from the center point to attractor point; (h) generated informed infill.

The simulation was conducted for a two-dimensional segment of the design, consid-
ering the loads that apply to this specific cross section. It is presumed that the whole self-
supporting wall would be divided into segments for fabrication. Then, the cross section
of each segment would be simulated to develop the infill design specific to that segment.
The segmentation of the whole self-supporting wall for fabrication is suggested due to the
limitations of the robotic arm’s reach and the maximum printable height.

To demonstrate this concept design through a tangible prototype, part of it was fab-
ricated on an actual scale (Figure 13). The prototype’s dimension was limited to the robotic
arm’s maximum reach. The prototype shows the changing void size of the hexagonal infill
cells concerning the calculated load conditions on the component. While the fabricated
prototype represents a small portion of the overall design, it serves as a tangible proof of
concept and provides valuable insights into the feasibility and potential of printing with
bamboo.
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Figure 13. Prototyping.

3. Discussion

This proof of concept of AM with a novel bamboo—potato starch mixture shows po-
tential for further development and optimization.

The experiments show that the mechanical properties of the printed material are still
limited. Material research presents numerous opportunities to improve it. A thorough
analysis of different types of bamboo powder and fibers can provide more detailed in-
sights into the mechanical behavior of different material compositions. Further studies on
bio-based binders can help identify alternatives to potato starch that can enhance the me-
chanical performance of the composite material. Additionally, investigating mold growth
during the drying process, influenced by the water content, can lead to the development
of preventive measures and a better understanding of its impact on the material structure
and properties. Refining the proportion of materials used and optimizing the mixing pro-
cess are crucial areas for future investigation. Exploring the maximum quantity of fibers
that can be implemented without causing the nozzle to clog is essential to achieving more
desirable mechanical properties. The effect of fiber orientation on the material’s behavior
should also be thoroughly examined.

This study included compression tests of small-scale components. The results pro-
vide insight into the failure mechanisms and the relationship between the design of the
component infill and its mechanical performance. More tests are required to generalize
these results. Based on the outcomes of this study, future research could investigate opti-
mization routines, e.g., topology optimization, to further tailor and improve the perfor-
mance of the infill designs. Tensile and bending strength testing may provide valuable
insights into the properties of the components made of bamboo and potato starch to create
spanning structures or cantilevers.

While strength testing on small specimens provides initial data, it may not directly
translate to larger structures. Future research should compare the results from small spec-
imens to those of full-scale structures to more accurately understand the influence of size
on mechanical properties.

Concerning AM, more extensive research should be conducted on the impact of ge-
ometry. Investigating and overcoming the limitations encountered during the fabrication
process, such as overhangs, will unlock new possibilities for complex geometries.
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Additionally, exploring the integration of AM with other fabrication methods can lead to
innovative and more effective approaches in construction.

On the design front, countless possibilities exist for further exploration. Interior ap-
plications can involve creating different objects to showcase the material’s versatility. For
exterior applications, rigorous investigations are needed to ensure the building compo-
nents can withstand external weather conditions.

The drying phase required diligent attention. As a fully bio-based material, the wet
prototype attracted fruit flies, which must be addressed promptly. The prototype had to
be carefully brushed using vinegar to prevent mold growth. Shrinkage became a signifi-
cant issue during the full-scale prototype’s drying process. Figure 14 shows the prototype
before and after drying.

Figure 14. Printed prototype before (left) and after (right) drying.

The shape of the prototype underwent substantial changes, resulting in cracks. This
can have a negative impact on the overall mechanical performance of the component. This
aspect underscores the need for further research to understand the underlying factors con-
tributing to shrinkage and to explore potential mitigation methods. Future investigations
can focus on optimizing the drying process parameters, such as temperature and humid-
ity, as well as exploring alternative materials or additives to minimize shrinkage and en-
hance the structural integrity of the prototypes.

The full-scale prototype showed some limitations concerning the scaling of the pro-
cess and method. The height of the prototype was limited by time constraints. However,
based on the stability observed during the printing process, it is reasonable to assume that
a greater height could be achieved with the material mixture. One approach to overcome
height limitations is to divide the component into smaller sections that can be assembled
after printing. These parts could be connected using the material mixture as a form of
adhesive, allowing them to dry and bond together. Alternatively, an interlocking assem-
bly design could be explored to avoid the need for adhesive and facilitate dry assembly.
The size (length and width) of the component is restricted by the robotic arm’s reach. To
manufacture larger pieces, smaller components may need to be assembled after fabrica-
tion. In this case, the design of the joints between different pieces becomes crucial.
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Recycling of fabricated components can be achieved by breaking them into small
pieces, adding water to return them to a liquid form, and incorporating them into new
mixtures for re-fabrication. This process allows for a sustainable cycle of material use.

Consideration of additives to improve performance, whether for structural reinforce-
ment or other purposes such as waterproofing or fireproofing, is essential. Additives can
enhance the material’s properties to withstand heavier loads or external environmental
factors, expanding its potential applications.
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Appendix A. The material compositions

Bamboo Powder B +

Bamboo Powder G +

Binder Bamboo Powder B Bamboo Powder G Bamboo Fibers Bamboo Fibers
h: 1 h: 1

Corn starch: 10 g Corn starch: 10 g CO;I\} SttarI:CSO 0g CO;I\; Stta;CSO 0g
Corn starch Water: 50 g Water: 50 g ater: SU g ater: 50 g

Bamboo powder: 10 g

Bamboo powder: 10 g

Bamboo powder: 3 g
Bamboo fibers: 5 g

Bamboo powder: 10 g
Bamboo fibers: 3 g

Potato starch

Potato starch: 5 g
Water: 25 g
Bamboo powder: 5 g

Potato starch: 5 g
Water: 25 g
Bamboo powder: 5 g

Potato starch: 5 g
Water: 25 g
Bamboo powder:3 g
Bamboo fibers: 2 g

Potato starch: 5 g
Water: 25 g
Bamboo powder:2 g
Bamboo fibers: 3 g

Tapioca starch

Tapioca starch: 10 g
Water: 10 g
Bamboo powder:5 g

Tapioca starch: 10 g
Water: 10 g
Bamboo powder: 5 g

Tapioca starch: 10 g
Water: 10 g
Bamboo powder:3 g
Bamboo fibers: 2 g

n/a

Gelatin

Gelatin sheet: 2 g
Water: 20 g
Bamboo powder:5 g

Gelatin sheet: 2 g
Water: 20 g
Bamboo powder: 5 g

Gelatin sheet: 2 g
Water:20 g
Bamboo powder:5 g
Bamboo fibers: 2 g

Gelatin sheet: 2 g
Water:20 g
Bamboo powder:5 g
Bamboo fibers: 2 g

Xanthan gum

Xanthan gum: 10 g
Water: 15 g
Bamboo powder:5 g

Xanthan gum:10 g
Water: 15 g
Bamboo powder: 5 g

Xanthan gum: 10 g
Water: 15 g
Bamboo powder:3 g
Bamboo fibers: 2 g

n/a

Collagen peptides

n/a

Collagen peptides: 8 g
Water: 10 g
Bamboo powder: 5 g

Collagen peptides: 6 g
Water: 4 g
Bamboo powder:2 g
Bamboo fibers: 1 g

n/a

Potato-based glue

Potato-based glue: 20 g
Bamboo powder:5 g

Potato-based glue: 20 g
Bamboo powder: 5 g

Potato-based glue: 20 g
Bamboo powder:2 g
Bamboo fibers: 2 g

n/a

Wood glue

Wood glue: 20 g
Bamboo powder:5 g

Wood glue: 20 g
Bamboo powder: 5 g

Wood glue: 20 g
Bamboo powder:2 g
Bamboo fibers: 2 g

Wood glue: 20 g
Bamboo powder:2 g
Bamboo fibers: 2 g
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Appendix B. Height, overhang, and overlap comparisons between the printed
specimens

Height Comparison

50 mm Height 80 mm Height 100 mm Height

70 degrees Overhang 60 degrees Overhang

e i TN O T
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Appendix C. Compression test results

W Bamboo powder G + Fibers Bamboo powder B + Fibers
Geometry

Weight 72g _Weibﬁi 7 436 g

Weight 3499

F max 2177 N|
1A dLatFmax 12.6mm|

F max 1443 N
2A dLatFmax 16.9 mm

F max 1099 N
3A dLatFmax 16.3mm

F break 435N |
dL at F break 21.8 mm|

F break 283N
_dLatF break 21.8 mm

F break 219N
dL at F break 21.3 mm

Curved

Weight 66.8 g & Weight 68.5¢ . Weight 4579
F max 1702N F F max 879N . F max 1308 N
dL at F max 10 mm dLatFmax 6.13mm dLatFmax 9.6 mm
F break 337N - F break 175.5N F break 261.7N
dL at F break 14.9 mm dL at F break 11.4 mm dL at F break 20.4 mm
Honeycomb
Weight 6229 Weight 5369 Weight 4019
F max 1641 N F max 1339N F max 1043 N
1C |dLatFmax 12.9mm 2C dLatFmax 9.87 mm 3C dLatFmax 151mm
F break 327N F break 265N F break 208N
dL at F break 15.6 mm dL at F break 28.8 mm dL at F break 20.8 mm
Rhombic
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