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3D PRINTING WOOD

FOR CUSTOM-DESIGN

WINDOW FRAMES

ChristopherBierach

Serdar Asut

Alexsander Alberts Coelho
Michela Turrin

Ulrich Knaack

Given the expected population growth to 10 billion by 2050
according to the United Nations [2], alongside the pressing
issues of global warming and resource depletion, it’s crucial
for the built environment to act promptly. This sector is a sig-
nificant source of human-made greenhouse gas emissions,
as highlighted by Pablo Van der Lugt [3]. Buildings globally
consume 30% of energy [2] and produce 27% of CO2 emis-
sions, including those from materials like concrete, steel,
and aluminum. These materials also contribute to 4% of
energy use and 6% of emissions. Overall, the building sec-
tor is accountable for a significant 37% of global energy
consumption and process-related emissions [4]. To reach
global zero net carbon emissions by 2050, utilizing low-car-

3. Fundamental realm

Given the urgent sustainability goals, the construction industry is ac-
tively seeking renewable and recyclable biobased materials. In this re-
search, cellulose and lignin, the most abundant biopolymers on earth,
were studied as fundamental building blocks to create an innovative
bio-based material to 3D print elements for the construction industry.
Having obtained a 3D printable paste, the study presented in this pa-
per delved into the 3D printing possibilities by using a clay extruder
mounted on a robotic arm. A window frame was used as test case,
addressing the existing gap in replacing or enhancing current window
frames. To better understand the printing process and explore various
geometric configurations, a section of a window frame was printed as
proof of the concept.

bon materials like wood, including hardwood, softwood, and
bamboo, is a viable option [3]. These natural materials are
anticipated to remain abundant in the next century.
Nevertheless, there are benefits and drawbacks
to utilizing wood. Trees take a long time to grow, and wood
production generates waste and CO2 emissions from
processing and transportation. While wood is valuable, it
strains wood resources and forests [5]the current waste
wood and paper recycling practices (S1. Timber harvesting
requires careful management to avoid overexploitation [6]
and Russia boasts the largest forested area in the world.
Economic development entails various challenges for
the environment, including a lack of forestry legislation or
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compliance, poor governance and unrestrained privatisa-
tion. This study investigates the role of institutional quality in
explaining deforestation using panel-time series data for 75
Russian regions from 2009 to 2019. We apply a one-way au-
toregressive fixed-effect model with Driscoll-Kraay stand-
ard errors due to spatial dependence and time lags across
Russian regions. The findings affirm the hypothesis of the
environmental Kuznets curve for deforestation,implying that
after surpassing a threshold point of gross regional prod-
uct per capita, deforestation decreases. Poor institutional
quality significantly increases the deforestation rate, which
remains robust when considering the timber harvesting vol-
ume. The results affirm our proposition that the Russian for-
estry preservation policy is somewhat effective in reducing
the deforestation rate. The empirical findings reinforce the
importance of improving institutional quality for preserving
forest areas toward carbon sequestration and overall Sus-
tainable Development Goal agendas.”,"container-title™"For-
est Policy and Economics”,"DOI":"10.1016/j.forpol.2023.1029
49""ISSN""1389-9341""journalAbbreviation”"Forest Policy
and Economics”,"page”:"102949" "'source”:"ScienceDirect”,"
title”:"Economic growth, institutional quality and deforesta-
tion: Evidence from Russia”,"title-short™"Economic growth,
institutional quality and deforestation”,"volume”:"150","au-
thor™[{“family”:"Sohag”,"given”:"Kazi"},{"family”:"Gainetdi-
nova”,"given”"Anna”},{“family”:"Mariev”,"given”:"Oleg"}],"is-
sued"{"date-parts™[[“2023" 51]]}}}],"schema”"https://github.
com/citation-style-language/schema/raw/master/csl-ci-
tation.json"} . Thus, the construction industry needs alter-
native bioresources alongside wood. This research paper
explores a new wood-like biocomposite using cellulose and
lignin from local biomass waste streams through 3D print-
ing, suitable for the building industry.

Cellulose and lignin are the most abundant natural
biopolymers on earth, with cellulose known for its mechan-
ical strength and reinforcement potential included in the
3D printing [7]including 4D (responsive/smart [8]. Lignin,
the second most abundant natural material globally [9],
holds potential for novel materials [10]. Together, cellulose
and lignin mimic timber’s characteristics without relying on
trees. 3D printing can allow adjustable mechanical prop-
erties and complex structures, offering a renewable, re-
cyclable biocomposite from local biomass for the building
industry. Within this overarching research line, that focuses
on 3D printed window frames, whether to refurbish existing
frames or fabricate new ones for complex buildings. The
research follows a bottom-up approach, from developing a
biocomposite through blending powder-base cellulose and
lignin, to reassembling its structure into a window frame
through 3D printing. After conducting tests and experi-
ments with the materials and processes, the results inform
and guide the window frame’s design, considering the limita-
tions and advantages of 3D printing with wood waste.
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MATERIAL AND PRINTING PROCESS

Various combinations of cellulose and lignin in different
proportions with different binders were studied for use in
3D printing. Among the binders, Methylcellulose outstand
in delivering the most promising properties when combined
with lignin and cellulose [11]. It formed a consistent paste,
exhibiting the adhesion and viscosity needed for cold paste
extrusion 3D printing (Figure 1).

With the resulting paste, various 3D printing tests
were performed at LAMA (Laboratory for Additive Man-
ufacturing in Architecture), at the TU Delft Architectural
Engineering and Technology Department. An LDM WASP
extruder XL 3.0 [12] was custom-built to be mounted onto
a URS. To evaluate the potentials and limitations of the cold
extrusion 3D printing process multiple factors were con-
sidered when designing a set of experiments and tests.
Various geometric shapes, including overhangs, overlap-
ping layers, infills, and different forms, were modelled using
Rhinoceros (McNeel). Additionally, ‘Robots’ a Grasshopper
plug-in was employed to program and simulate the robotic
arm [13]. Separately, a slicing software was used to control
the rotation of the extruder. The desired shapes were print-
ed using a pressurized system for material extrusion, with
a nozzle diameter of 4 mm, a pressure of 2 bar, and a print
speed of 2000 mm/s (Figure 2).

First, printing straight and curved elements at a spe-
cific height was investigated, while progressively tuning
printing parameters and paste formulation. The challeng-
es of printing extruded polygons such as squares, and di-
amonds were analyzed, including based on their tendency
to buckle and eventually collapse during printing. Extruding
the paste with 4 mm wide nuzzles at 2000 mm/s allowed
producing elements up to 30 mm high, where the structural
stability of models with a circular boundary was higher, as
expected (examples in Figure 3).

Structural stability during printing increased also
based on the design of the infill. Wider layers and reduced
layer heights improved stability but obviously came at the
cost of increased weight, reduced corner resolution, and a
tendency for straight walls to buckle and collapse (Figure 4).

Additionally, studying the overlapping of a single tool-
path to connect all its edges enhanced stability. The geome-
try was contoured at a 3 mm height with a 1 mm overlapping
between edges (Figure 5).

Lastly, overhangs were tested to allow more geomet-
rical freedom for the desired printed shape but failed at a
20-degree angle. Despite these failures, a custom infill de-
sign was made to provide adequate support without adding
extraload on the inclined walls (Figure 6).

These preliminary tests proceeded in parallel with in-
itial mechanical characterization of the 3D printed material,
part of which is published in [11], and served to address the
research on material development and 3D printing, which
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Figure 1: Preliminary studies on extrusion of Methylcellulose with lignin and Figure 2: Printing setup with customized tool.
cellulose using a syringe.
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Figure 3: Preliminary geometry testing.

Figure 4: Toolpath testing.
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Figure 5: Infill testing.

Figure 6: Overhand testing.

Figure 7: Plan view of straight vs curved edges.
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Figure 8: Toolpath restriction [drawing made
by author].
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proceeded based on iterative loops of testing and reformu-
lating the material and process. They served also to indicate
the preliminary boundaries of a design grammar, then used
in a design exercise, for which the 3D printing logic was key.
Along with the advantages of 3D printing in terms of ge-
ometric freedom, the considerations on the better stability
of curved structures compared to deformations of straight
walls; on the limits of overhang angles; on the shape pro-
portions to facilitate shape stability during printing; on the
importance of infills’ design to prevent overloading inclined
surfaces; and on similar aspects tuned to the specificities
of the new material were considered.

DESIGN CONTEXT

The design exercise is contextualized in a broader vision.
The overall context regards the potentials for (i) refurbish-
ment of wooden window frames, and (ii) new window frames
for 3DP buildings.

The issue of decaying wooden window frames due to
water exposure and other aging factors is a prevalent con-
cern in building maintenance and renovation. When focus-
ing on automation, renovating a decaying wooden window
frame with 3DP presents several compelling advantages.
Firstly, it can allow preserving the window’s original aesthet-
ics with precise replication of intricate details. Additionally,
3D printing offers customization to fit specific dimensions
and design preferences, which can ensure a perfect fit as
mass-produced frames fail to address individual needs.
Moreover, it promotes sustainability and minimizes waste
as it can preserve the original frame while only replacing
the deteriorated sections. Utilizing 3D printed customized
elements with wood can provide effective solutions for the
existing building stock, heritage projects and building reno-
vations, where custom solutions are beneficial.

3D printing offers potentials also for new windows
frames, for example when including complex geometries or
when interfacing complex geometries. This latter occurs for
example in 3D printed buildings [14], which currently make
use of conventional and standard components. Applying
conventional components on 3D printed (concrete) struc-
tures sometimes implies a misalignment in architectural
language and a technically challenging interface with the
surface texture of 3D printed walls [15]. These issues en-
compass design compatibility, structural integration, wa-
terproofing, insulation, and aesthetics. The intricate, often
curved designs of 3D printed walls may not align seamless-
ly with traditional flat window frames, where a poor connec-
tion potentially causes leaks and reduced insulation. A rea-
son for this is that typical elements such as window frames
are fabricated via traditional manufacturing processes that
lack the advanced construction technology necessary for
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producing complex shapes at competitive costs. The tec-
tonics of 3D printed structures invites rethinking traditional
components, creating innovative design options for win-
dows and openings too [16]. As 3D printed walls are being
increasingly investigated, exploring options to incorporate
components like 3D printed window frames can open ben-
eficial avenues.

With this context in mind, the design exercise regard-
ed 3D printed wood in building construction with focus on
window frames.

DESIGN EXPLORATION:
LIMITATIONS & ADVANTAGES

The design exercise experimented on a corner part of a
window frame, which was designed and fabricated as a
proof of concept for the “3D printing wood” process. The
first aspect that required reconsideration was the bound-
ary shape of the frame. Reflecting on our earlier tests in-
volving various geometric shapes, it became evident that
using straight lines would increase the challenges, for which
the use of curved shapes was maximized, in the attempt to
distribute stresses evenly during printing and maintaining a
consistent material flow. Figure 7 shows an example of the
design logic.

As the design exercise was conducted in a prelimi-
nary stage of the material development, when exceeding
4 cm in height could have easily resulted in buckling and
collapse during printing, the overall height of the printed
structure was set to a max of 4 cm per piece. Taller objects
were designed by considering the assembling of multiple
sections, by first splitting the complete piece into smaller
segments later integrated to form a unified whole. At this
stage of the material development, another challenge re-
lated to the shape fidelity, with the difficulty to predict the
deformations during printing, for example due to shrinkage
when drying. While research on morphological characteri-
zation of the 3D printed material is needed, this preliminary
exercise coped with it in an empiric manner. The exercise
dealt also with the weight of the overall structure, aiming
to minimize the use of material. While in a more advanced
phase of the research (when material properties are char-
acterised) computational (topology) optimization opens
clear avenues, at this stage the exercise considered gener-
al geometric features with focus on printability of elements
with inner cavities. The main objective was to create a single
and continuous toolpath that could be printed without inter-
ruptions. The designed geometry should provide the nec-
essary support for the overall structure, necessitating the
path to overlap with itself. A preliminary study was conduct-
ed, comparing straight, curved, and Voronoi shapes (Figure
8). The path including most curved elements resulted prefer-
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able not only for stability during printing but also to facilitate
the inclusion of other printed elements toward minimization
of assembling and of use of e.g. adhesives. Consequently,
the final toolpath for the cavities was designed by maximiz-
ing the use of curved elements.

While the exercise did not aim to technically address
the inclusion of sealing gaskets and other needed features,
yet it intended to speculate on future approaches for their
integration. In this light, it was important to account for the
sill, frame, sash, gasket, and glass in the design and printing
process (Figure.9). When utilizing a 3D printing approach to
wood construction, integrating crucial features that a win-
dow frame necessitates, like a sealing gasket, calls for a
thoughtful approach to implementing for example locking
mechanism using a suitable infill pattern. The frame and
sill could potentially be combined into a single printed ele-
ment. The sash could be excluded since the gasket could
be directly integrated into the curved infill of the frame. In
this scenario, the single frame and sill would be printed as
one piece, and a separate material, semi-flexible, would be
employed to print the gasket. At this preliminary stage, this
line of thoughts allowed for easy insertion and locking of
the gasket into the frame. The glass sheet would then be
carefully fitted and held in place by the gasket. Given that
window frames required precision between elements and
typically had a standard size, considering the nozzle diam-
eter was important. Hence, a 4 mm nozzle was utilized to
ensure a higher definition and an accurate model.

PROOF OF CONCEPT

After studying the parameters for 3D printing with methyl-
cellulose in combination with lignin and cellulose, encoun-
tered challenges and potentials became the central driv-
ing force to design and fabricate the window frame as a
proof of concept (Figurel10). Another limitation is regarding
the maximum payload of the robotic arm, which was 5 kg.
Consequently, with the custom-built holder weighing 4 kg,
there was a small margin of 800 g of material to be used in
one single print. Therefore, the design exercise considered
these limitations to understand the possibilities of printing
a 180x180x100 mm object. Thus, four different parts were
printed and later combined. One printed section for one
full cartridge would take 40 min to print 21 m of material.
After 7 days, the four separate elements were dry and had
shrunk by approximately 10 to 15 percent. As expected, the
shrinkage of the material challenged the assembling for
large objects, resulting in misalignments between the pre-
vious and ongoing printed layers, yet offered a test case
to better understand the material behaviour. Lastly, it was
observed that the printed infill was too dense, affecting the
drying time of the pieces as air could not flow easily inside
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the cavities. Nevertheless, the curved infill system demon-
strated the feasibility of connecting and receiving other
components, such as a gasket, without the need for addi-
tional sealants or adhesives.

DESIGN VISION

As the material development proceeds, this design exercise
showcased the potential for 3D printing a window frame -
for example to replace specific components of a wooden
window frame (Figure 11).

Considering the broader context of 3D printed a sin-
gle window frame, two distinct scenarios are noted, on-site
printing and off-site printing. Printing in a facility offered
the advantage of a controlled environment, simplifying
the printing process. The frame could be easily integrated
into the house, either during or after the printing phase,
providing better control over material shrinkage, geomet-
rical complexity, and finishing. However, the challenge lay
in maintaining the overall quality of the frame while avoid-
ing staggered parts. The integral printing of the frame was
pivotal in achieving a satisfactory result. The printed parts,
initially done on a flat surface, would later be flipped to a
ninety-degree angle for integration into a wall (Figure 12,
Figure 14).

This orientation could introduce thermal bridges
due to the exposed cavities. Solutions may include filling
the cavities with additional material or 3D-printed gaskets,
although the airtightness of the printed layers might remain
achallenge. On the other hand, printing frames on-site (Fig-
urel3, Figure15) allowed greater flexibility for 3D printed
habitats.

An enhanced recipe, enhancing printability capabili-
ties, could potentially enable printing at greater heights and
varied inclinations. In an ideal scenario, the wooden frame
would serve as scaffolding for the wall, allowing synchro-
nized printing with two distinct materials. On-site printing
permitted staggered printing between both materials, en-
suring a perfect fit between components in a wet state
(Figure. 16).
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Figure 9: Axonometric view of typical wooden window frame vs 3DP
optimized corner of a window frame.

Figure 10: Final 3D-printed window frame.
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Figure 11: Replace part of the existing window Figure 12: 3D printing a window frame Figure 13: Construction process when placing
frame with 3DP wood. horizontally in the factory. dried frame to wet printed wall.

/.

Figure 14: Vertical 3D-printed window frame printed on-site. Figure 15: Construction process, printing wooden window frame and 3DP
wall simultaneously.

Figure 16: Diagram to describe the connection between flat and 3D-printed
elements to 3DP elements when printed separately, and 3D-printed
elements when printed together.
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CONCLUSION

The objective of this research was to develop an applica-
tion as a proof of concept towards using wood-like natural
material sourced from recycled materials, customized for
3D printing. This includes preserving existing construc-
tions through non-destructive techniques and employing
low-carbon construction methods utilizing natural materi-
als that can be recycled into building components. The main
outcome of the material research was a fully bio-based
composite using a natural binding agent—methylcellulose—
mixed with cellulose and lignin, resulting in a smooth and
well-structured paste with viscosity and adherence suitable
for 3D printing.

During the printing phase, it was observed that the
challenges lay in balancing material behaviour with printa-
bility. Design decisions and extrusion parameters played a
significant role in addressing these challenges. Curvilinear
structures were more stable compared to straight walls,
which tended to buckle. Overhang angles were limited, and
heavy geometries tended to collapse. Infills needed careful
design to avoid overloading inclined surfaces.

These challenges influenced the design and fabrica-
tion of a 3D-printed window frame, showcasing the potential
for replacing or customizing window frames in 3D-printed
buildings. The printed frame was exhibited at the Built En-
vironment Additive Manufacturing (BE-AM) symposium of
2022 [17]. The technology and material are envisioned to
be used to replace or create customized window frames.
However, it's important to note that the material is stillin de-
velopment, also toward improvements of its structural prop-
erties, needed for applications demanding higher strength
and stiffness.

Although promising proof of concepts were creat-
ed, further research and refinement of the material prop-
erties are necessary. If the current composite is improved
to enhance printability, it could enable printing at different
inclinations and offer customization. On-site printing is
another potential application, enabling staggered printing
with different 3D-printed materials for a perfect fit between
components. However, it requires investigation into various
printing orientations for 3D printed window frames and their
implications on load-bearing capacities. These considera-
tions set the stage for future research into optimal integra-
tion scenarios and effective treatment of 3D printed win-
dow frames for the building industry.

3. Fundamental realm
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