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Abstract

Winding processes are known from fiber composite technology for highly resistance lightweight components for aviation.
These fiber-based processes work predominantly with synthetic composites made of carbon or glass fibers. For the construc-
tion industry, these additive processes are very promising and resource-efficient building processes, but they are still hardly
used in timber construction despite the very high level of digitalization and technical development. The 3DWoodWind
research project uses a continuous strip of thin veneer as a sustainable alternative as its application material. Its natural fibers
are intact, continuous, and tensile. In the project, three-dimensional winding processes were developed for material-efficient
hollow profile lightweight components made of wood. We describe the material system, composed of suitable combinations
of veneers and adhesives, and develop computational design methods for filament layout and robotic fabrication methods. We
also show an open-source prototype development method, necessary for efficient prototyping. Through several fabrication
case studies, we demonstrate the capabilities of the production process, and investigate suitable architectural applications.
These hollow lightweight components could save large amounts of material in timber construction and serve as a substitute
for concrete or steel components in the future. We conclude by discussing possible applications in the construction industry

and future research possibilities.
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1 Introduction

1.1 Timber-based fabrication techniques for hollow
profiles

Equipment and methods for winding veneer into round
cross-sections were patented as early as the first half of
the twentieth century and have been reanimated in the last
20 years. The patents are divided into the winding of strips
in cross layers or in the same winding direction [P1, P2]
and the concentric winding of veneer sheets [P3, P4]. Cur-
rently, veneer winding is carried out using the technique
originating from paper technology. This is evidenced by the
development of round wrapped columns for columns from
Kyoto in Japan (Hata et al. 2001; Inaba et al. 2003). The
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aim of these developments was to transfer the wood struc-
ture of fibrils to structural elements made of wood. Hata
et al. (1998) published corresponding conceptual drawings
based on the winding technology of cardboard rolls. Based
on this technology, marketable round hollow profiles made
of wound thin veneer layers have been implemented by
the company LignoTUBE (Beck and Taranczewski 2014).
According to this company, hollow sections with a diameter
of up to 100 mm and a length of up to 6 m can be produced
(Lignotube 2022). However, these are limited in terms of
production technology to a circular, constant cross-section.
Through use in bicycle frames and mechanical testing, it
has been shown that the wound circular hollow sections can
exhibit high density-specific strength (Gilbert et al. 2020).
However, hollow sections made of wood were also produced
using other processes. Wooden sections were glued in rings,
for example, to produce poles or columns for the construc-
tion sector. The primary need cited is the replacement of
poles for overhead power lines. Two approaches can be
distinguished: one uses compressed wood that is partially
consolidated toward the edge as a result (Wehsener et al.
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2014), and the other uses alternating trapezoidal cuts that
produce an approximately round tube (Piao 2003). In both
processes, the manufacturing process is organized discon-
tinuously. More recent studies show the winding of bam-
boo veneer with added resins for use in sustainable piping
products (Chen et al. 2019). In the NaHoPro project, the
University of Kassel and the HNEE Eberswalde investigated
the winding of veneer to circular profiles and subsequent
forming processes into rectangular profiles (NaHoPro 2021).

1.2 Fiber-based winding techniques
with biomaterials

Flax, hemp, and ramie are among the natural fibers with the
highest specific modulus of elasticity and tensile strength.
However, a great deal of variability in the literature should
be noted. In general, geography plays an important role in
the selection of fibers in terms of availability (Pickering
et al. 2016). Applications of biofiber composites in the auto-
motive industry have been investigated (Bledzki et al. 2006).
Electro-, dry-, and wet-spinning of cellulosic materials has
made it possible to produce submicron fibers and ultra-fine
filaments with a strong, oriented structure (Lundahl et al.
2017). The extraction of natural fibers for modern techni-
cal use achieves a fiber yield of around 25% (Paulitz and
Gusovius 2007). The ecological footprint of natural fibers
depends on the country of cultivation and the associated
transport routes and corresponding emissions, in addition to
the complex manufacturing process. For example, the eco-
logical footprint of the natural fibers hemp, flax, jute and
kenaf is between 350 and 975 kg CO,-eq per ton of fiber for
the countries of origin Germany and India (De Beus et al
2019). For architectural production, various research pro-
jects are currently investigating new methods, as the robotic
winding of mainly carbon and glass fibers (Prado et al. 2017,
Solly et al. 2020; Sorrentino et al.2017; Quanjin et al. 2018;
Minsch et al. 2017), to form lightweight structures. While
impressive structural capacities can be reached with these
materials, their ecological impact should be carefully con-
sidered, since the production of carbon fibers results in an
estimated 30.000 kg CO,-eq per ton of fiber (Meng et al.
2017) and in 1700-2500 kg CO,-eq per ton of fiber for
glass fibers (Barth and Carus 2015). A review on winding
techniques with natural fiber filament was done by Ansari
et al. (2017). At the University of Stuttgart, a moldless fab-
rication technique using natural fiber-reinforced polymer
(NFRP) through a combination of fiber placement and fila-
ment winding was investigated (Costalonga Martins et al.
2020). Kenaf-based winding processes for reinforced poly-
mer composites were studied by Misri et al. (2015). In terms
of the production process, fiber-based winding techniques
can employ relatively tight bending radii, allowing the pos-
sibility of winding only around the endpoints of a mold and,
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therefore, eliminating some of the necessary molding form
material. Since the process requires the fibers to be fully
impregnated with resin, the application tooling and wind-
ing technique can be rather challenging to avoid clogging
of the application tool and to maintain the necessary ten-
sion on the fiber placement. The fiber volume fraction, the
ratio between fibers and resins, is generally around 30-40%
for fiber layups used in the boat industry and up to 70% in
highly precise applications in the aerospace industry (Gurit
2022). Compared to wood-based materials, this value is nev-
ertheless significantly lower, since a material-to-adhesive
ratio of approx. 95% can be achieved for veneer components,
for example (Dataholz 2021).

1.3 Robotic fabrication research approaches

Since its inception around 2 decades ago (Kohler et al.
2014), the adoption of robotic arms as fabrication tools for
architectural research and, more recently, production has
consistently expanded (Willmann et al. 2018). While this
expansion has had a significant impact on the field, soft-
ware approaches towards the simulation and programming
of robotic manipulators specifically suited for architectural
purposes have followed a more erratic development. This
has much to do with the contingent and open-ended nature
of architectural research, which often hinders the ability to
effectively define shareable and reusable software solutions
(Kaijima and Michalatos 2008; Mackey and Sadeghipour
2017). Several software toolkits (Schwartz 2013; Braumann
and Brell-Cokcan 2015; Elashry and Glynn 2014; Soler
2016), mostly built around the Rhino and Grasshopper CAD
environment, have been proposed in recent years. The reli-
ance of such systems on closed source models, forced often
the need for the development of entirely new tools, whenever
the limits of the tool in use would not allow specific tasks.
This is particularly true for the integration of sensing and
actuation in robotic end-effectors, which could only rely
either on the robot manufacturer’s pre-defined interfaces,
or resort to custom solutions for each application. More
recently, within the Compas ecosystem (Van Mele et al.
2017), the development of the open-source framework for
robotic programming CompasFab (Rust et al. 2018) offered
a relevant model for open-source software development in
architecture. Despite its merits, the heavy reliance on the
ROS programming environment (Quigley et al. 2009) means
that significant robotics and programming knowledge is
required for the basic setup of a robotic system. While all
these developments have significant merit in making robotic
programming more accessible in architecture, a shared open-
source adaptable approach that integrates all aspects of a
robotic process for the specific purpose of architectural pro-
duction is still lacking.
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1.4 Contribution

The main contribution of this research is the development
of three-dimensional winding processes for material-effi-
cient hollow profile lightweight components made of wood.
Industrial winding processes currently predominantly use
synthetic composites made of carbon or glass fibers, or are
very limited in their geometric forming possibilities.

The 3DWoodWind project offers a sustainable alterna-
tive also to bio-fibers, that have a relatively large carbon
footprint because of their energy-intensive sourcing. We
used a continuous strip of thin veneer strips as the applica-
tion material. Its natural fibers are intact, continuous, and
tensile. With the help of an open-source, modular soft- and
hardware approach, we developed computational and fabri-
cation methods for geometrically variable, high-performance
hollow section lightweight components.

2 Methods

This section contains a detailed description of the mate-
rial system, composed of a timber filament and adhesives
(Sect. 2.1), computational design methods for generating
the winding layout (Sect. 2.2), and a flexible modular robotic
process development and control using open-source tools
(Sect. 2.3), that was employed for this research.

2.1 Material system

2.1.1 Timber filament

As winding filament, a range of soft- and hardwood types
were considered, encompassing spruce, fir, maple, beech
and oak wood, all of which can be manufactured to contin-

uous veneer filaments. Due to its high strength properties
and existing integration in structural timber construction,

—

veneer wood made of spruce/fir and beech was selected
as the basis for the material system. The wood filament is
manufactured from thin veneer strips, which are, as cut-
off parts from larger sheets for furniture surfaces, a waste
product of the veneer industry. These thin and short strips
can be combined through finger-jointing to create endless
rolls (Fig. 1). For small-scale investigations, a width of
24 mm and—depending on the radius of curvature of the
component geometry—a material thickness of 0.3-0.5 mm
was used. The minimum bending radius can be further
reduced using a one-sided fleece lamination (e.g., cellulose
fleece) as a reinforcing layer. Very thin veneers receive
additional stabilization through the reinforcement layer
and thus become more flexible, which increases the field
of application for geometries with small radii of curvature.

2.1.2 Adhesives

When selecting a suitable adhesive system, the investiga-
tions focused on products that permit use in outdoor appli-
cations and are specially developed for load-bearing glued
wood construction (Jowat 2021b). For the investigations,
different 1- and 2-component adhesive systems based on
polyurethane, EPI and PVAc were tested. All tested adhe-
sive systems were provided by the industrial partner Jowat
SE. The curing time of the adhesives was an important
factor for the investigations and subsequent process inte-
gration, since it can be defined as rather short for a direct
curing and robotic pressure contact during the fabrication
process, or very long, if the curing is required after pro-
duction. This and including other adhesive properties, as
the viscosity, can have an impact on the resulting fabrica-
tion strategy and necessary tooling. We tested a range of
adhesives—classified according to their respective bases:
polyurethane (PU), emulsion polymer isocyanate (EPI)
and thermoplastic polyvinyl acetate (PVAc).
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Fig.1 Left: 24X 0.5 mm beech veneer filament, on a custom spool. Middle: cellulose fleece coating on the back of the veneer. Right: close-up of

finger-joint of veneer strips
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2.2 Computational design of filament layout

For the filament layout of robotic winded timber compo-
nents, we investigated the geometric constraints and prop-
erties for straight extrusions and free-form surfaces with
varying cross-sections. To achieve a good material distri-
bution and avoid twisting of the filament, we used geodesic
lines as the basic geometric component for the filament
layout generation. For surfaces with a varying curvature,
geodesic line segments can be calculated locally, creating
a segmented winding curve. The winding lines can serve
later as the direct toolpath for the specific robot orientations
and movements.

2.2.1 Winding geometry of simple extrusions

To produce jointless, uniform hollow profiles, three deci-
sive parameters are decisive for the winding angle: (1) the
circumference of the unwound surface, (2) the number of
veneer strips per layer and (3) the veneer width. Depend-
ing on these parameters, the starting angle of the geodesic
line (winding line) can be derived (Fig. 2). The profile is
divided parallel to the cross-section into segments of equal
size corresponding to the width of the veneer strip. To pro-
duce a jointless component, the starting point of the second
rounding of the profile must be exactly at the same point as
the endpoint after one rounding. The calculated angle must
be redetermined after each layer, since the diameter, and
thus, the circumference increase as a function of the material
thickness of the veneer. This results in a slight decrease in
the winding angle: the wider the profile becomes, the flatter
the angle, therefore, becomes. Likewise, the winding angle
changes as a function of the veneer width. The wider the
veneer strip, the steeper the angle becomes. The number of
veneer strips per layer is also decisive for the calculation of
the starting angle. By increasing the number, the angle can
be increased many times over. If, in addition to the num-
ber of veneers, the width of the veneer is also changed, the
resulting winding angle increases more sharply.

Fig.2 Generation of winding
lines for a square profile

2.2.2 Winding geometry of doubly curved surfaces

For the pattern generation for doubly curved surfaces, we
investigated application patterns that minimize filament
twisting. For this, we developed two different approaches.
The first approach was developed for tubular geometries
that can be described with a single NURBS surface. The
second approach was developed for free-form meshes. To
avoid and minimize twisting of the filament, since it can only
bend in one direction, both approaches constructed winding
lines such that if they are unrolled, they form a straight line.
Theoretically, the winding lines are locally geodesic (subdi-
visions of the winding line), however, if the entire combined
winding line is considered, the winding line is not geodesic
since the winding line itself does not always have to follow
the shortest path between the start and end point of the line.

2.2.3 NURBS-based approach

Generation: First, a surface is created and divided into sections
along its length. This can be a surface of revolution, but it can
also have an asymmetric cross-section. Then the starting point
of the winding line at one of the two edges is defined, and the
starting angle of this winding line. From this, the tangent of the
starting line is calculated. With an iterative optimization proce-
dure using Newton’s method and numerical differentiation, the
winding lines of the individual segments are determined as fol-
lows. At the starting point, the endpoint of the line is estimated
by extrapolating the tangent, since the line was generated on a
flat surface. A geodesic line is created between the start point
and the estimated endpoint. The absolute distance between the
tangent at the starting point of this line and the desired tangent
is calculated. If the distance is relatively small, the optimiza-
tion is aborted because both tangents coincide. If the distance
is relatively large, the endpoint is shifted by a small step in the
u-direction on the surface. With this numerical differentiation,
we know how sensitive a change in the endpoint is to the initial
tangent of the winding line in that segment. Using this infor-
mation, we can estimate a new position of the endpoint using

amount of veneer stripes per layer * veneer width

perimeter
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Newton’s method. From here, we repeat the process until we
find a relatively small distance between the desired tangent and
the tangent of the starting point of our geodesic line. When a
geodesic line is found with a small error, we update the desired
tangent for the beginning of that line for the next segment. To
obtain a straight line when we unroll it, the tangent of the begin-
ning of the line in a segment must match the tangent of the end
of the line in the segment before it. The nurbs-based process is
illustrated in Fig. 3, Left).

2.2.4 Mesh-based approach

While the above-described NURBS-based approach pro-
vides a high degree of accuracy in computing winding lines,
it is nevertheless limited, as it can compute only on surfaces
with defined bi-dimensional uv-domains. To provide a more
flexible, although less accurate, approach for the genera-
tion of winding lines, a method based on mesh geometry is
proposed (see Fig. 3 right). The method follows the same
steps outlined for the NURBS-based approach, but, rather
than relying on the u—v surface coordinated for defining
the direction of the winding line growth, it relies on a user-
defined direction vector. Furthermore, the method to identify
the geodesic segments at each step is updated to work with

Fig.3 Left: generation of wind-
ing lines using the nurbs-based
approach. Right: generation of
winding lines using the mesh-
based approach

mesh geometries, combining a shortest-path calculation on
the mesh edges (Deleuran, 2014) with a further smooth-
ing process based on the geodesic curvature flow method
(Surazhsky et al. 2005), as implemented in the MeshPath
plug-in for Grasshopper (Sagat and Remesikova 2017).

2.3 Robotic process development and control
2.3.1 Open-source methodology

To develop and execute the described fabrication process,
several hardware and software components are required to
be integrated and synced in a single flexible workflow. As
the project was developed as a first prototype both within
research and teaching, it was necessary to utilize an adaptive
process to integrate all the elements using flexible open-
source tools, which have partially been developed by the
authors (EDEK Uni Kassel 2021; Stefas et al. 2018). These
tools allowed to integrate the different components, provid-
ing different levels of access with varying degrees of com-
plexity, allowing to compartmentalize and distribute across
the project team the knowledge required to operate the whole
process (Fig. 4).

Fig.4 Open-source software SOFTWARE
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Components” and “Funken”,
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Fig.5 Left: general robotic setup, using an industrial robot arm, hori-
zontal positioner with external motor, winding mandrel and custom
end-effector. Right: end-effector design for wood filament extrusion.
The veneer strip is pushed forward through the filament guide by

2.3.2 Kinematic simulation and control

The 6-axis industrial robot and the external workpiece
positioner were programmed with the open-source toolkit
“Robot Components” (EDEK Uni Kassel 2021). The toolkit
is a plug-in for the Rhino and Grasshopper CAD environ-
ment. The advantage of this toolkit is that it is specifically
developed for programming ABB robots. In this toolkit, we
aimed to strictly follow the programming logic and workflow
of the RAPID programming language. Each component in
the visual programming environment Grasshopper repre-
sents a single RAPID instruction which makes it a flexible
and intuitive tool to use for both research and education. In
addition, this approach makes it possible to easily extend
the toolkit with RAPID instructions and declarations that
are not part of the toolkit yet. For the advanced users of
the programming environment, we provided an open API to
build their own custom workflows and components.

2.3.3 Electronic systems development and control

For the control of robotic end-effector components, as well
as for control of the external axis in the first two setups
described in Sect 2.3.4, the Funken serial protocol toolkit
was used (Stefas et al. 2018). Funken is an open-source
toolkit used to simplify communication between different
microcontroller and other electronic systems, relying on an
event-based architecture for the control of different actua-
tors from a variety of software interfaces. For the specifics
of the project described here, Funken was used to enable
the control of both end-effectors and external axis by send-
ing commands from the Grasshopper algorithmic environ-
ment to Arduino-compatible microcontrollers. In addition, a
routing set of functions were added, allowing to control the
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FILAMENT GUIDE

STEPPER MOTOR
s EXTRUSION ROLLER

an extrusion roller attached to the stepper motor. The pressure roller
applies the veneer precisely and the pneumatically actuated knife cuts
the veneer according to a winded layer

external components concurrently through software (e.g.,
Grasshopper) and through the robot IO signals. This allowed
higher flexibility during prototyping, enabling the process to
be fully automated through RAPID code instructions, while
also maintaining software access for adjustments, testing and
fixes during program execution.

2.3.4 Robotic fabrication setup

We developed a robotic fabrication process that can apply
a continuous veneer filament through an extrusion method,
similar to processes used in aerospace manufacturing like
Automated Tape Laying (Lamontia et al. 2003). For our
extrusion method, we used 6-axis industrial robot arms.
For our case studies, the ABB IRB1660ID with a maximum
reach of 1.55 m and an IRB1200 with a maximum reach
of 0.9 m were used (Fig. 5). The IRB1200 was placed on
an external linear axis to be able to manufacture tubular
elements with a length of one to two meters. We used an
external rotational axis to rotate the workpiece. The filament
can be provided on spools as used for 3D printing, that are
mounted directly to robot.

2.3.5 Setup-dependent toolpath strategies

For robotic control and subsequent fabrication, a tool path
was generated from the previously generated winding lines.
Since we worked with different setups, we developed three
different toolpath strategies. The decisive parameters, which
must be synchronized and coordinated with each other, are
as follows: (a) extrusion speed of the filament, (b) speed
of the external rotational axis and (c) the TCP speed of the
robot itself. Depending on the part geometry, the parameters
can be kept either constant or variable. For our initial studies
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with the external rotational axis that was controlled by a
stepper motor and a microcontroller (Arduino), we kept the
velocity of rotation constant. After successfully prototyping
the process, we replaced the stepper motor of the workpiece
positioner with a motor unit that was fully integrated into the
controller of the robot. For this setup, the rotation speed of
the workpiece positioner is calculated by inverse kinemat-
ics of the controller. It is not necessary to keep the rota-
tion speed constant since the robot controller calculates and
adjusts the speed given the positions and defined tool center
point speeds. Another consideration was the extrusion veloc-
ity of the filament. As for the initial setup of the workpiece
positioner, the extrusion of the filament was controlled by a
stepper motor and a microcontroller.

2.3.6 Robotic end-effector design

We developed a custom robotic end-effector, which features
an extruder, a cutting blade, and a silicon roller (Fig. 5).
A cutting device was needed, since for applying multiple
layers of veneer, the filament must be cut and reapplied.
The cutting blade was controlled by an electromagnetic
valve and the extruder by a stepper motor. The silicon roller
was used to either apply pressure on the filament when the
end-effector was directly placed on the mandrel, or in case
the end-effector was placed with a certain distance to the
mandrel to maintain tension in the filament. We applied the
adhesive manually between the layers.

3 Case studies
3.1 Fabrication case studies

To demonstrate the geometric and manufacturing possibili-
ties and limits, we designed and manufactured several case
study prototypes, both for straight extrusions of circular and
rectangular cross-sections and free-form rotational surfaces.

Fig.6 Circular (left) and
rectangular (right) profiles were
wound with 24 mm/0.35 mm
beech veneer

3.1.1 Hollow-core circular and rectangular profiles

Rigid hollow sections form simple, uniform geometries.
The hollow sections are, therefore, also suitable for series
of simple, identical standard components such as round or
rectangular sections. We tested several layer structures with
varying patterns and different fiber directions (uni- and bidi-
rectional), both for round and rectangular profiles. There-
fore, we used a layer structure consisting of seven layers of
24 mm/0.35 mm beech veneer. In the first test setup, only
one veneer stripe per layer was used. The orientation of the
stripe is alternating on every layer (clockwise/counterclock-
wise) with a resulting winding angle of approximately 8.5°
(round section) and 9° (rectangular section). For the sec-
ond test, we used one and six veneer stripes per layer, again
alternating on every layer clockwise/counterclockwise. The
layer structure starts and ends with one veneer stripe in the
first and last layer. Using six filaments per layer, the winding
angle of each stripe increases from 8.5/9° up to approxi-
mately 65.5° for the round tube and 69° for a rectangular
profile (Fig. 6).

As winding mandrels, circular and square profiles made
of steel, aluminum and plastic were investigated. The wind-
ing mandrels have a large contact area between the form-
work and the veneer. Due to the resulting contact pressure,
the wound hollow profiles were difficult to remove from
the mandrels in initial investigations after the adhesive had
cured. To optimize the removal of the cured components,
tests were also carried out with various release layers—
including PA and PVC film and a special release agent. A
simple, cost-effective, and ecological alternative was found
using conventional baking paper. In contrast to rigid hollow
sections, the formwork made of individual tubes and spac-
ers for angular sections offer greater variability in shaping
(Fig. 7).

The end-effector design described in Sect. 2.3 was used,
which allows a direct application without the necessity to
apply moisture. With 24 mm/0.35 mm beech veneer, we
were able to wind circular cross-sections of 50 mm diam-
eter and rectangular cross-sections of 40 mm diameter with
a4 mm edge radius without the need for steaming the veneer
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Fig. 7 Left, middle: as formwork, we tested steel, aluminum and plas-
tic profiles of both circular and rectangular cross-sections of 40 and
50 mm diameter. Right: for larger rectangular cross-sections, a form-

(Fig. 6). We used Jowat Jowapur® 686.60 PU 1 K dispersion
adhesive, with a curing time of 45 min, which was applied
manually between each layer. The initial contact pressure
was produced by pulling the veneer band with the robot end-
effector. For a final pressure and adhesive curing, we applied
a vacuum bag for final pressure after all layers of the com-
ponent were wound. Figure 8 shows the precise application
of veneer filament on the square profile.

work made of thin aluminum tubes (20 mm diameter) and variable
spacers was investigated. The tubes were used to provide a minimum
bending radius at the corners for the veneer

3.1.2 Hollow-core doubly curved components

For functional, structural, or also spatial purposes, it can
be suitable to use components with varying and customiz-
able forms. Therefore, we investigated the manufacturing
of rotational surfaces with varying cross-sections. A doubly
curved surface with a varying positive and negative Gauss-
ian curvature was used as a base surface for the generation
of the winding lines. The rotational surface has a length of
1200 mm, a varying radius of min. 112 mm to max. 259 mm.
The generation of the winding lines was done using the

2

Fig.8 Image sequence of square profile winding. Compared to round
profiles, where the robot traverses a linear path, significantly more

complex movements result due to the tool path along the rectangular

|

)

profile. In addition, significant differences result with different wind-
ing angles, e.g., along a steep winding line with 6 veneer filaments
per layer or with a much flatter angle with only one veneer filament

V)
N

Fig.9 Left: rotational surface with free-form section. Right: winding lines generation, to create an effect of braiding: 1st layer: 7 cw, 2nd layer: 7

ccw, 3rd layer: 7 cw (50% shifted), 4th layer: 7 ccw (50% shifted)
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NURBS-based approach described in Sect. 2.2. In contrast
to the regular profiles in the previous chapter, which are
designed as a closed surface with consistent thickness and
surface, a varying surface area needs to be covered by a
consistent number of winding lines. This creates winding
lines which space out or densify along the surface (Fig. 9).

Using CNC-milled ribs mounted on ring-shaped spac-
ers, complex geometries can be realized with the help of rib
formwork without the formwork itself having to remain in
the manufactured component. The rings at the ends of the
formwork form the receptacle for the rib elements attached
to them, thus enabling universal use for various applications
(see Sect. 4.4). To remove the formwork from the wound
component, the rings are first detached from the internal
winding mandrel and the ribs are then turned sideways one
after the other so that they can be pulled out. This technique
allows repeated use of the formwork element and thus multi-
ple winding of a defined, complex geometry. For fabrication,
we used the previously described larger robot a reach of
1.55 m. The formwork consisting of a winding mandrel with
125 mm diameter and a length of 1500 mm, a CNC-milled
fixation circle of 288 mm diameter holding the CNC-milled
ribs from 5 mm MDF was mounted on a rotational axis. A
PVA adhesive was used to glue the several layers together
(Fig. 10).

3.2 Architectural application

In addition to the development of the computational design
and robotic methods described in the previous sections and
the production of fabrication prototypes, we investigated the
potential for the application of robotically winded timber
elements in architectural design.

3.2.1 Geometric possibilities

In architecture, the geometry of components has a large
influence on the structure, architectural function and use
variations. We investigated the geometric possibilities by
evaluating the design space of fabricable solutions, and cre-
ated a library of forms that can be fabricated through wind-
ing. This was done through defining curvatures depending
on width and thickness of the timber filament.

3.2.2 Component applications

For possible component applications, we evaluated solutions
in architectural components, such as the use as a single ele-
ment as a support, girder, free-form component or combined
in a series of successive components as a ceiling or facade.
This was done by evaluating the minimum and maximum
fabricable sizes, which can be efficiently fabricated using
stand industrial robotic equipment, available materials, and
corresponding architectural dimensions for components.

3.2.3 Modular systems

Modular architecture can be characterized by a functional
division into discrete, scalable, and reusable modules and
the consistent use of clearly defined modular interfaces
(Dahmus et al. 2000). In this context, modularity refers to
the component level. Systems are used that are composed of
separate, repetitive elements (standard units) that are simi-
lar in size, shape, and functionality. These can be intercon-
nected, replaced, or added (Claypool et al. 2020). We inves-
tigated the suitability of robotically winded components for
modular systems and in particular also for topologically

Fig. 10 Left: rib formwork, composed of a series 5 mm MDF plates
that were CNC milled according to the surface design. At both ends,
rings provide the precise spacing distance. Middle, right: fabrication
of a 1200-mm-long customized component, with a varying diameter
of 224-518 mm component with 28 winding lines. We used an ABB

IRB1660ID industrial robot and a IGUS rotational axis. The varying
geometry of the cross-section results in a winding pattern with open-
ing and closing surface parts. Depending on the winding sequence,
also braiding effects can be achieved
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interlocking systems (Tessmann and Rossi 2019), in which
the geometry of the component can create a stiff connection
without the need for complex joinery. This was done through
computational design studies using geometric analysis and
design software, which was partly created by the authors
(Rossi 2021; Weizmann 2021).

3.2.4 Winding patterns and surface design

We investigated the creation of irregular patterns for dec-
orative purposes or also possible material optimization,
which is, for the first purpose, mostly relevant for the outer
or inner layers. For a variation of material distribution, the
orientations of the filaments can be distributed and oriented.
The following parameters are offering several design pos-
sibilities: first, the overall surface geometry with varying
cross-sections is leading to pattern variations as the various
curvatures on the surface itself immediately affects the gen-
erated winding line. Linked to this the starting angle of the
geodesic is defining its path on the surface and as a result,
the use of various individually oriented winding lines (e.g.,
clockwise/counterclockwise) is generating a first base pat-
tern. This pattern can be extended by creating a braiding
effect through ordering the winding sequence and also the
distance between the several filaments (Fig. 10).

4 Results/discussion
4.1 Material system

We tested several 1- and 2-component adhesive systems
based on polyurethane, EPI and PVAc, which were spe-
cially developed for load-bearing wood construction. Poly-
urethane adhesives (PUR) belong to the reactive adhesives
and are available as 1 K systems with adjustable proper-
ties, making them well integrable in automatized applica-
tions (Bundesministerium des Innern, fiir Bau und Heimat
2021). Polyvinyl acetate adhesives (PVA) are physically
setting adhesives that exhibit high adhesion to wood and
other materials. Physiological harmlessness, short setting
time and joint filling capacity, good water dilutability and
compatibility with other waterborne adhesives are among
the advantages of PVAc adhesives. Disadvantages are the
sensitivity to creep of the glue line, thermoplastic behav-
ior, and the nonresistance to moisture polymer and if such
adhesive joints are exploited in a moist environment, its
strength substantially decreases (Dunky and Niemz 2002).
Emulsion polymer isocyanate adhesives (EPI) belong to the
group of dispersion adhesives. The crosslinking with an
isocyanate and the resulting chemical reaction significantly
reduces the thermoplastic behavior. A cured EPI adhesive
is hard to brittle, unlike a PVAc dispersion, which forms

@ Springer

a viscoplastic film (Jowat 2021a). Its properties are thus
similar to thermoset adhesives, which qualifies it for certain
load-bearing joints (Brockmann et al. 2005). Considering
the certifications for structural use, another variable is the
type of wood which needs to be bonded, since most adhe-
sives only have certifications for softwoods. Hardwoods are
more challenging to join and the industry for structural tim-
ber is not yet fully accustomed to their use, therefore, few
certified adhesive products exist. Another consideration is
the proportion of wood filament to adhesives. Therefore,
to keep the amount of adhesive in the composite material
as low as possible, the thickest possible veneer should be
selected from both an ecological and an economic point of
view. This needs to be determined in relation to the surface
curvature of the component, since low material thicknesses
are necessary to achieve small curvature radii.

4.2 Computational design

For straight extrusion profiles, it is possible to generate a
winding layout with relatively simple geometric rules, which
varies according to the amount of veneer filaments per layer
and their cross-section. In the computational winding gen-
eration, we studied, in particular, the possibility of orienting
the different layers and thus the natural grain direction of the
veneer. For optimized component properties and an increase
in bending strength, there can be a combination fiber align-
ment in both the lateral and longitudinal direction. Figure 11
shows the analogy to the structure of a lignified cell wall. In
addition, a crosswise ply structure prevents later swelling of
the component, since wood swells less in the fiber direction.
For more longitudinal directions, only certain angles are
possible to create seamless components. In the small-scale
investigations of circular and rectangular extrusion profiles,
the focus was, therefore, on up to six veneer strips per layer,
resulting in an angle of approx. 50°. In this way, a seamless
component could be generated and produced, whose joint
properties are not negatively affected.

For doubly curved surfaces, we investigated a NURBS-
based and a mesh-based winding layout generation using
locally geodesic lines. The NURBS-based approach provides
a high degree of accuracy in computing winding lines, but
it is limited to surfaces with defined bi-dimensional uv-
domains. The mesh-based method enables the comput-
ing of geodesics of more complex geometries, as it relies
exclusively on local information and does not require a
2-dimensional u—v domain. However, its accuracy and per-
formance are both highly sensitive to the resolution of the
base mesh. Increasing the mesh resolution leads to much
higher accuracy to the result, but impacts negatively per-
formance. With a careful balancing of the mesh resolution,
resulting winding lines deviation from the ones generated
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Fig. 11 Left: rigid structure

of a lignified cell wall. Right:

winded timber component with  [WAEFH A

different fiber alignments

using a NURBS-based approach are negligible within the
tolerances of the given fabrication process.

In contrast to straight tubes without varying cross-sec-
tions, the winding angle of free-form surfaces is not constant
but changes on every single point of the surface due to the
various curvatures on the surface itself. Therefore, wind-
ing lines in areas with a concave curvature are densifying,
whereas lines in convex areas are spacing out. As a result
of this not only the material distribution can be controlled
by the component geometry, but also the fiber direction can
change, e.g., from a more horizontal to a vertical direc-
tion. Regarding the geometric possibilities of the winding
technique and the effects of the surface curvature on the
winding line, we investigated several component geometries
(Fig. 12).

In addition, curvature variations along the winding axis
of the component result in winding patterns with open holes
(see Figs. 9, 10). Thereby, it can be observed, that the larger
the widest cross-section of the surface becomes, the larger
the openings between the individual veneer strips become.
A small cross-section in relation to the largest diameter can
result in two or more veneer strips overlapping, depending
on their width. This geometric principle directly affects the
design process of the component.

Fig. 12 Results of the genera- ‘ \

tion of winding lines based on \\
local geodesic curves on a range

of different free-form rotational
surfaces

CENTRE LAYER

OUTER LAYER

PRIMARY WALL
MIDDLE LAMELLA

CENTRE LAYER -8°

o OUTER LAYER 8°

4.3 Modular process development and control

The presented methods and results relied on the flexibility
offered by the described open-source toolkit described in
Sect. 2.3. Through the integration of Robot Components as
a parametric robotic programming environment and Funken
as a communication interface between robot, end-effectors
and the programming environment, it was possible to pro-
totype the process on a variety of different setups. This
included shifting from an independently controller rotational
axis to a robot-controlled setup, shifting the control from a
Funken-driven stepper motor to an integrated ABB motor as
an external axis defined within the RAPID robot program
itself. In addition, the possibility offered by Funken to con-
trol extrusion in parallel from the RAPID program, as well
as from the Grasshopper interface, provided a fast system
for the calibration of extrusion and axis speeds, as well as
other end-effector parameters. Finally, as some of the pro-
cesses described in the paper were developed in the context
of design studios, the proposed integration of Robot Com-
ponents and Funken allowed encapsulating the complexity
of each system in separate modules, allowing students with
low programming knowledge to operate different elements
of the system without requiring knowledge of the full robotic
process control.

i 8 3
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Fig. 13 Case study prototypes of robotically winded components. Left: round profile with 7 layers of beech veneer. Middle: square profile with 7

layers. Right: free-form rotational surfaces with 4 layers

CROSS SECTION

40
34

 I——

Fig. 14 Comparison of various solutions for pressing techniques.
Alternatives to pressing using tensile force are build-up of pressure
via the pressure roller installed in the end-effector during the winding

4.3.1 Robotic fabrication setup

With our robotic setup, modular tool design and control, we
were able to successfully produce round, rectangular, and
free-form rotational profiles with high precision (Fig. 13).
The fabrication quality is thereby largely dependent on the
selection, interplay and fine calibration between formwork,
adhesive system, and winding strategy.

4.3.1.1 Formwork While standard solid winding mandrels
can be used for winding surfaces of straight extrusions, for
free-form surfaces, adaptable mandrels or formworks are
advisable. The use of spacers of different sizes and shapes
or variably adjustable spacers allows the formwork system
to adapt to different cross-sectional geometries and enables,
for example, the reproduction of tapered profiles. A fur-
ther advantage results from the small contact area with the
veneer, which makes it much easier to detach the wrapped
component after production. A separating layer of non-
sticky papers as used for rigid hollow profiles is, therefore,
not necessary. Since the contact pressure in the winding pro-
cess is applied only via the corners, the veneer risks to bulge
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process or subsequent pressing using a vacuum bag. Depending on
the component geometry, it can be decided how the required contact
pressure is applied

at the flat areas. Subsequent pressing by means of vacuum is
not easily possible due to the lack of contact surface.

4.3.1.2 Adhesive system For sufficient adhesion of the
individual veneer layers to each other, contact pressure is
needed depending on the adhesive system. The contact pres-
sure required for this is between 0.6 and 1.0 N/mm? for the
adhesives used. This guideline value results from the load-
bearing glued wood construction with very long wood com-
ponents, in which high pressing pressures are necessary to
keep the joints as small as possible. In relation to veneer
lumber on a smaller scale, the required contact pressure can
be significantly reduced. In the robotic winding process, the
wood veneer was kept in tension by the extrusion roller con-
nected to the stepper motor, resulting in a contact pressure at
the winding mandrel. Measurements with a tension/pressure
gauge showed a tensile force Fs of approx. 20 N.

Tests showed that the pressure determined for round pro-
files via tension of the veneer is sufficient to join the veneer
layers together, since the pressure builds up evenly along the
profile. In rectangular profiles, on the other hand, the pres-
sure in the winding process builds up at the corners of the
profile, causing the veneer to bulge slightly on the straight



Construction Robotics (2022) 6:39-55

51

surfaces and creating undesirable joints (Fig. 14). Especially
with steeper winding angles, bulges occur in these areas,
which can be pressed again with an additionally wrapped
layer at a very flat angle.

Depending on the technology, this results in different
requirements for the adhesive system, application, and pro-
gramming. If the veneer is only held in tension, an adhesive
with a relatively short curing time should be used. If the
pressure can only be applied via the pressure roller, a very
fast curing adhesive in the seconds range is required, which
completely bonds the veneer layers together directly in the
winding process. For both options, the adhesive application
is integrated into the process and thus places high demands
on the control and application system—in particular, the
handling of adhesive systems with a very short curing time
is much more difficult.

Another option is subsequent pressing by means of a pres-
sure roller after each wound layer, which initially simplifies
the toolpath, but at the same time slows down the process.
Likewise, this can only be realized for certain geometries.

Another relatively simple alternative is subsequent press-
ing using a vacuum bag at the end of the production process.
A longer build-up of pressure ensures controlled bonding
of the veneer layers and requires an adhesive with a long
curing time. In the case of curved surfaces (e.g., rectan-
gular profiles), the pressure is distributed evenly over all
surfaces by the vacuum bag, thus guaranteeing a homo-
geneous distribution of forces. This technique can also be
used for geometrically more complex components. Another
alternative to subsequent pressing using vacuum is repre-
sented by combination of adhesive systems, i.e., combining
a hotmelt adhesive with a very high initial strength, which
is only applied selectively, and a second adhesive, which
provides the required final strength. This approach requires
the use and integration of two application systems in the
end-effector.

4.3.2 Winding strategies

Three winding strategies were investigated with different
control parameters for extrusion speed, axis rotation veloc-
ity and robot tool center point (TCP) speed. For the first
strategy, which keeps the velocity of rotation constant, we
only needed I/O signals and communication between the
microcontroller and the robot controller for stopping and
starting the rotation of the external rotational axis, and to
rotate the workpiece to the correct starting position. In the
second strategy, the TCP speed was varied, while the other
parameters are left constant. The third strategy allowed us
also to change the rotation speed during movements. By par-
tially changing the rotation speed, the resulting TCP speed
was more constant with fewer peaks. Consequently, the fab-
rication process could be accelerated as the TCP speed could

be increased due to more coordinated movements. As the
initial setup of the workpiece positioner, the extrusion of the
filament was controlled by a stepper motor and a microcon-
troller. For controlling the external rotational axis with the
microcontroller, the simplest way was to keep the extrusion
rate constant and use IO signals for starting and stopping
the extrusion of the filament. Therefore, we primarily used
strategy 2 in our investigations, to keep as many parameters
as possible constant and to eliminate unnecessary sources of
error. If the required pressure for the adhesive was applied
by keeping tension on the filament during the fabrication
process, the stepper motor for the extrusion could be either
fully turned off or kept slow. This worked for the second as
well as the third strategy. The direct integration of Funken
into the Software environment (Sect. 2.3) also allows us to
vary the extrusion speed during fabrication process for strat-
egy 1. To keep both parameters—the extrusion speed as well
as the velocity of rotation—constant, for strategy 2, only the
start and end TCPs are oriented on top of the workpiece,
unlike the other strategies where all TCPs are placed on top
of it (Fig. 15).

4.4 Architectural applications
4.4.1 Geometric possibilities

In our experimental studies, we determined a minimum
edge radius of 4 mm resulting from the limits of elasticity
of veneer strips of 0.35 mm of thickness. Therefore, a range
of different convex cross-sections from triangular to polygo-
nal or round shapes is feasible for manufacturing. Asym-
metric cross-sections can also be envisioned. We did not
yet include partly concave cross-sections, since they require
either extremely fast curing adhesives or complex molding
processes, which we did not yet investigate. We also studied
the various possibilities of cross-sections along components.
Here, both positive and negative Gaussian curvatures can be
achieved (Fig. 16).

4.4.2 Modular systems

Using standard robotics equipment, components with a
maximum diameter of around one meter and a maximum
length of 4 m can be efficiently manufactured. Combined
with the described component geometries of the previous
section, this results in various application options, e.g., use
as a single element as a support, girder or free-form com-
ponent or combined in a series of successive components as
a short-span ceiling or facade, which can be aligned differ-
ently depending on their function. These application options
can be combined in modular systems that only require few
variable elements and are suitable, among other things,
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Fig. 15 Three different toolpath strategies: 1. axis rotation speed constant; extrusion and TCP speed variable. 2. Velocity of rotation and extru-
sion constant; TCP speed variable. 3. Extrusion speed constant; rotation and TCP speed variable

Fig. 16 Investigation of possible form catalogue for robotically winded timber components
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Fig. 17 Geometric shaping possibilities of robotically winded timber components and possible modular architectural application, i.e., as col-
umns, beams, structural slabs, free-form components or fagade elements
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for temporary structures due to their simple assembly, dis-  4.4.3 Customization

assembly and re-assembly (Fig. 17).
Winding offers unique design and customizing possibilities,

such as the control of fiber orientation and material distribu-
tion in the elements, as well as the ability of creating geo-
metric shapes with integrated connection details. Through
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this, components with structural derived forms can be cre-
ated, e.g., hollow columns optimized for buckling, or pat-
terns with gradual material distribution. In addition, smooth
transitions from columns to ceilings can be realized, for an
optimal force-flow. Since the components can be fabricated
with integrated joining details for form-fit connections or
even topological interlocking of whole components can be
imagined.

5 Conclusions

Winding technologies are well-known fabrication processes
used for the manufacturing of highly resistant lightweight syn-
thetic fiber composites. Existing applications of these com-
ponents can be found in aviation, shipping, automotive and
architecture. Even though lightweight, the employed synthetic
fibers have a largely negative CO, impact. Therefore, sustain-
able alternatives are needed. This research, therefore, investi-
gated new potentials for lightweight, material-efficient con-
struction with timber using thin continuous timber strips with
intact, continuous, and tensile natural fibers. We described the
development of a material system, composed of suitable com-
binations of locally sourced hard- and softwood-based veneers
and certified moisture-curing polyurethane adhesives. We fur-
ther investigated the computational design, and robotic fabri-
cation methods of three-dimensional winding processes for
material-efficient hollow profile lightweight components. We
created a flexible, modular, prototyping workflow using our
own custom developed open-source software. Through several
case studies, we demonstrated that linear and free-form com-
ponents with varying cross-sections can be designed and pre-
cisely manufactured. We also described possible applications
as architectural and structural components in construction,
as furniture and industrial design objects, columns, beams,
floor slab or facade components. Thereby, a minimum bending
radius of only 4 mm for thin veneers allows a large range of
component geometries. Through computational control of the
winding layout, surface geometry and winding sequence, the
material can be optimally distributed and customization pos-
sibilities as variable patterns with open and closed surfaces and
braiding effects can be achieved. Further research in joining,
winded-in reinforcement is needed for enabling adapted and
material-efficient connection of components. The structural
design and characterization of these components is subject to
a future research project.
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