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ARTICLE INFO ABSTRACT
Keywords: To decrease the impact of the construction sector on climate change, sufficiently economic processes must ur-
Whole timber gently be developed to encourage the use of minorly transformed timber, such as tree trunks. However, the

Round timber question remains how to inexpensively incorporate tree trunks with irregular morphology into structural systems

Log from design to fabrication. It is only within recent years that robotic tools and parametric design software have
Trunk . . . ; . .

Raw timber made it possible to both quickly and affordably build with elements of geometry as variable as tree trunks. The
Heavy timber objective of this article is to describe an automatic process, from parametric design to robotic fabrication, that
Tall timber makes it possible to build a full-scale structure from reshaped tree trunks. This research brings to light the
Parametric design scientific and technical challenges that must be undertaken before industrialization can be realized, therefore the
Reciprocal structures geometric parametrization required of trunk-to-trunk connections is detailed herein. Finally, the authors describe
Automation a case study from design to fabrication of a full-scale 10 m x 5m reciprocal structure prototype made from
EOE":K arm fourteen tree trunk elements fabricated as described above using robotic arms. It is seen that reciprocal structures

obo

can span large distances with logs of limited length, but their structural complexity brings additional challenges
to the design and construction processes. This study highlights not only the need for future development to
accelerate the processes of automatic scanning and cutting of timber logs, but also for mechanical character-
ization of logs using non-destructive methods and better prediction of transmission of stresses in wood-wood
assemblies.

1. Introduction

“Cut”, or “cutting™: a basic notch that can be made in one step with a
cutter that acts perpendicular to a main surface of the cut. A joint/
The following definitions are used in this article: connection is thus composed of 2 notches (one on each trunk), and a
notch is composed of several cuts.

“CNC”: “Computer Numerical Control”, which means a computer-

“Whole timber” or “Unsawn wood” or “Log” or “Trunk”: a piece of

tree trunk without branches and which has not been cut into smaller controlled machine tool.
pieces. - “JJP connection”: name given by the authors to the connection they
- “Engineered timber”: used for all altered wood products e.g.: glue describe in this article, and which is detailed in sections 3.4 and 3.5.

laminated timber or cross laminated timber.

“Joint” or “connection”: refers to the place where two tree trunks

meet, one being supported and the other being load-bearing. A joint 1.1. The relevance of building with trunks
or connection consists of two notches.

- “Notch”: at the place of a connection, it is the volume of wood that The increase in environmental awareness over the past two decades
has been removed when machining a trunk. is prompting a re-evaluation of the way natural resources are used. This
- “Mach.ining”: the process of mechanically removing a volume of 2 hag an impact on the construction sector, which is not only one of the
workpiece. largest producers of waste in the EU [1], but also one of the main con-

tributors to greenhouse gas emissions worldwide [2]. In this context,
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timber, as a renewable resource, is a material to be preferred in this
sector. In fact, (i) the transformation of wood into construction products
is one of the lowest producers of CO5 across construction materials, (ii)
building with timber stores CO5 rather than releasing it into the atmo-
sphere and (iii) there is potential for low emission recycling at the end of
the building lifecycle. The condition for a sustainable approach is
obviously twofold: in the one hand, systematic replanting of forests and
good management according to labels such as PEFC (Programme for the
Endorsement of Forest Certification), and diversified plantations to
enhance biodiversity on the other hand. However, most major timber
projects today are designed with beams, columns, or panels made with
rectangular sections cut from trees with inherently great natural
strength for response to extreme lateral loads like storms. The trans-
formation steps required to make timber products creates (i) waste
material by extracting a rectangular section beam from a conical tree
trunk, (ii) a decrease in the mechanical characteristics due to broken
fiber continuity around knots [3], (iii) an increased CO impact, and (iv)
high production costs due to all required operations. For example, the
industrial production process of engineered timber starts with the
sawing of the log where a large amount of material is lost. This is fol-
lowed by drying, jointing, planing, pressing, and sanding. These steps
increase the price of timber, which often decreases attractiveness
compared to other building materials, thus discouraging use. Consid-
ering the aforementioned, it can be concluded that building structures
with raw tree trunks is sensible, and researchers increasingly agree, as
shown by the state of the art [3].

A major problem of timber construction is the long drying time of
timber; often two years or more are necessary for trunks to obtain bal-
ance with air moisture content at the construction location. Therefore,
two possibilities are available: (i) either logs are dried in a kiln, which is
more expensive and less sustainable, or (ii) green timber logs are used.
When using green logs, structures and connections must then be
designed with tolerances to accommodate significant dimensional var-
iations and the development of cracks. In this case, a longitudinal slit can
be made on the trunk with a maximum of depth of between 30 and 50%
of the diameter [4], which will not reduce dimensional variations, but it
does reduce uncontrolled cracks. Furthermore, before reaching a low-
cost industrial process, some scientific and technical challenges exist,
including:

- The development of equipment and protocols that allow the me-
chanical characterization of trunks in order to predict their bearing
capacity.

- The development of tools capable of a fast 3D scanning of trunks.

- The development of parametric design tools capable of shaping
connections between trunks and sending comprehensible data to the
machining tools.

- Research to evaluate how stresses are distributed in the connection
interface between trunks, despite variations in moisture and overall
deformation of the structure.
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- Cheap structures and connections that allow large spans from trunks
of limited length.

And finally, a selection of the most efficient trunk-to-trunk connec-
tions suitable for both industrial cutting with robots and parametric
design, with as little steel as possible. Stacked wooden cottages are
an interesting source of inspiration, as shown in Fig. 1 [5]. However,
most of these structures are built with calibrated logs and not raw
logs. Cutting is done mostly on site and by hand, which requires
skilled carpenters.

The objective of this article is to demonstrate the feasibility of a
design and construction processes for structures made of tree trunks
based on a framework of automatic cutting of adequately selected
connections by a robotic arm that receives fabrication instructions from
parametric design software. Specifically, reciprocal structures give
meaning to this approach as they allow large spans with limited trunk
lengths. Moreover, the connections are all different, which further jus-
tifies the relevance of robots for cutting when considering cost and
timeliness. Nevertheless, the approach developed here is compatible
with simple structures such as trunk frames or structures with stacked
timber.

This article does not concern the mechanical characterization of logs
(Regarding this, please refer to section 2.4: State of the art, Mechanical
characterization of logs), the transmission of stresses in the connections,
the influence of the connections’ behavior on the global behavior of the
structure, which are topics largely lacking in the state of the art. These
require extensive research which exceeds the scope of this article.

1.2. Highlighting the limits of typical machining tools

Fig. 1 adequately illustrates the type of cuts that a log-log connection
requires. The connection that has been selected has several cutting
planes and is explained in depth in sections 3.4 and 3.5. Fig. 2 provides
an overview, while Fig. 21 provides a diagram of the connection.

There are two opposite ways to sculpt objects with machining tools:

- The reference is placed on the tool itself, for instance one or several
planes or points in relation to which the work piece is placed. This is
what is usually done when using a CNC.

- The reference can be placed on the object itself if the work piece is an
object with rough geometry, such as a tree trunk.

Sculpting a notch with typical machining, before the programming
sophisticated robots, provides useful information about:

- The limitations of typical tools such as CNC tools.

- The relevance and the challenges inherent to the use of robotic arms.
- The advantages in time and precision that robotic arms can provide.
- The ways to design the most simplified connections possible.

Fig. 1. Different types of joints for timber stacked with calibrated logs inspired from the book of Gerda Boéthius published in 1927 [5].
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Fig. 2. “Homemade” machining bench.

This “homemade” machining bench (Fig. 2) consists of a fixed frame
inside which the log is placed. The router is set on a mobile steel frame
which can be moved in the X-Y horizontal plane. The log is supported at
both ends and a rotation according to the X-axis (trunk axis) is possible.
There are thus four degrees of freedom to perform the machining: three
in translation (although the depth, Z, is limited at 65 mm by the range of
the router), and one in rotation. A 45° chamfer tool and a 20 mm
diameter straight tool are alternately fixed on the router to complete the
machining equipment and increase the cutting functionality. Just like
for a standard 3-axis CNC, the reference is in the horizontal X-Y plane in
relation to which the work piece must be placed correctly but in a
different orientation for each cut to be made.

There are three work piece sculpting processes for making cuts:

- Step 1, Making type 2 cuts (shown in Fig. 3): The contour of these
cuts is defined by the interface between the numerical model of the
work piece and the piece with which it must fit as a pair (con-
tour = outline of the type 2 cut-out). The 3D models of each work
piece and the contour was obtained with photogrammetry.
Augmented reality was used to materialize this contour on the
workpiece. Using the Fologram [6] plugin of the Grasshopper soft-
ware, a smartphone was used to superimpose on the real work piece
its own digital image and the image of the contour on the smart-
phone screen. This made it possible to mark the contour by hand
directly on the work piece at the same time. The area was then
hollowed out with the straight router tool, taking care to stay in the
contour.

Step 2, Making type 1 cuts (shown in Fig. 4): The router is free to
move in the X and Y directions into an area limited by two aluminum
bars spaced such that the width of the base end-cut is respected
(straight lines A-A and B-B in the plane X-Y).

Step 3, Making type 3 cuts (shown in Fig. 5): This process is similar to
the process related to type 1 cuts, but a 45° chamfer tool is used with
a variable machining depth and a variable width guide since the
cutting plane is no longer parallel to the X-Y plane.

This experiment confirmed that “typical” machining, including CNC,

3. Tree trunk
4. Surrounding frame

1. Router
2. Mobile steel frame

Fig. 3. Step 1, making type 2 cuts. Above: View from the smartphone’s screen,
with the 3D numerical model of the work piece and the contour of the area to be
cut. Below: The router cuts inside the contour.
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Fig. 4. Step 2, making the type 1 cut.

Type 3 cut Type 3 cut
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Fig. 5. Step 3, making type 3 cuts.

is not adapted to the machining of non-regular shapes such as tree trunks
since it requires several movements of the workpiece, adequate and
mobile supports, and several changes of reference, which has implica-
tions of lost time and increased errors. Furthermore, the lack of
straightness of the trunks can generate either collision with the tool or
inaccessible areas. In addition, the lack of degrees of freedom does not
always allow for correct orientation of the machining in relation to the
centroidal curve as shown on Fig. 6. Finally, the great length of the
trunks is hardly compatible with typical cutting tools. All this justifies
the relevance of a robotic arm associated to a specific reference system
attached to the tree trunk itself.

2. State of the art

The state of the art includes many studies on reciprocal structures, on
the use of robotics for construction, and on the use of sawn timber. Only
some of these are cited herein. The use of logs for construction dates
back millennia but has been abandoned in favor of concrete, steel, and
squared timber that allow for much more flexible and efficient industrial
processes. In recent decades there has been a resurgence of interest in
timber with the development of robotics and digital tools that make it
possible to consider for the first time the use of trunks in the construction
of structures without the need for experienced craftsmen. However,
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Zoom

Fig. 6. Due to the lack of degrees of freedom, it is not possible in some cases to machine along the tree trunk’s centroidal curve.

research is still needed in several areas and the state of the art is
insufficient in several fields such as the mechanical characterization of
trunks, the transmission of stress flows in trunk-to-trunk connections,
the influence of trunk-to-trunk connections on the global behavior of
reciprocal structures, the parameterization of trunk-to-trunk connec-
tions and the efficient transmission of data between digital tools and
robots.

2.1. Reciprocal structures and computational design methods

The limited length of trunks is relevant in the consideration of
reciprocal structures [7] (Figs. 7 and 8), also called nexorades [8]. These
structures with members mutually supporting one another are of high
architectural value and great antiquity. A reciprocal structure is a 2D or
3D structure formed by the repetition of one or more basic modules,
following three essential rules [9]:

- A basic modulus is composed by at least three beams (Fig. 7).

- Each beam supports at least another one and is subjected to bending
or compound bending depending on the shape of the structure.

- Each beam is supported by two others or by a beam and a support.

Beams of reciprocal structures can be assembled with bolted con-
nections, but also without mechanical fastener by using pressure and
friction [10].

Each beam supports neighboring beams and it itself is supported by
neighboring beams [11], which creates non-hierarchical organization of
beams that complicates the design of reciprocal structures. In other
words, the position of each beam determines, and is at the same time
determined not only by the position of the immediately adjacent beams,
but also by all the beams of the structure [7]. The result of this specific
organization is that the shape of a reciprocal structure is neither easy to
control or predict [12]. During the last two decades, many researchers
[2,13-18] focused on different algorithms of form-finding to explore the

2. Latteur, 2018

Fig. 7. Basic reciprocal moduli with varying beam quantities.
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Fig. 8. Examples of reciprocal frames [11].

panel of possible arrangements while respecting specific geometrical
constraints.

The complexity may not only lie in the form finding of the structures,
but also in the specific connections between the beams, which could all
be different. However, the evolution of parametric and computational
tools such as Grasshopper [19,20], combined with the tools of CNC
machining or robotic arms, makes it possible today.

2.2. Digital fabrication methods related to sawn wood

Beams with a rectangular section have been used in many projects
including reciprocal structures and/or parametric design over the past
decade. Some examples include Digital Wood Craft [21], Lamella Flock
[22], Soundwave, Rheological Formation and Bodybuilding [23], which
are all made with a 5-axis CNC. A 5-axis CNC was also used for the
vertical structures Reverse Rafter [24] and Interlocking Spaces [25].
With the emergence of accessible robotic arms in recent years, it has
become easier to achieve certain goals in terms of motions, possible
tools, and detailed machining. In 2017, two 6 DoF robots were used to
cut and assist in the connection of small components [26]. In 2012, Song
et al. explored the design of a wooden frame without mechanical fas-
teners by using a global interlocking mechanism [27]. Godthelp et al.
introduced a production process for regular patterned reciprocal frames
without steel plate connectors [28] but with sectional reinforcement and
self-drilling screws to account for when tensile forces occur at the node.

2.3. Wood logs and related digital workflows

The use of logs raises additional concerns because the centroidal
curve is no longer a straight line, the cross-section varies, and there is no
physical plane as it is the case for a sawn wood beam, which can be used
as a reference plane. There are different ways to obtain 3D models of the
logs like infrared scanners, photogrammetry, laser scanners, X-ray
scanners, or computed tomography scanners, but photogrammetry is
nevertheless the most cost-effective solution and was chosen for the
Wood Chip Barn project [29].

Research has already investigated the possibility of using uncon-
ventional wood sections such as tree branches for the realization of
structures, both from the point of view of design and fabrication [30,31]
and from the point of view of numerical calculations of these structures
[32,33]. Recently, tools such as sawmills [34,35], band saws [36-39],
circular saws [40], claws [41], chisels [42], or milling tools [43-47]
have been adapted to for the manufacture of complex 3D structures.
Finally, robotic arms with 6 DoF (degrees of freedom) are beginning to

be used because of their versatility of motion and wide range of tools.
The roofs of the Kijima Stonemason Museum [13] and the Hill Holt Wood
[48] are good examples of reciprocal frames composed of whole timber
and steel connectors. The research project Human in the loop [49] uses an
impressive audio-visual guidance system to machine the logs with a CNC
router. Finally, Vestartas et al. has developed a joinery solver for the
construction of structures made of round wood timber, the result of
which was then tested with 6 DoF robots [50].

2.4. Mechanical characterization of logs

Knowing the mechanical characteristics of logs is essential for a
reliable prediction of the structural SLS (Serviceable Limit State) and
ULS (Ultimate Limit State) behaviors. The entire sawn timber industry
uses the classification of element strength based on visual examinations
and/or non-destructive tests, of which procedures are described in
numerous standards. The resulting strength classes are associated with
characteristic values, for example flexural strength and compressive
strength parallel to the fibers, which allow for a reliable SLS and ULS
calculation of the structures based on a statistical approach. Such stan-
dards for the mechanical characterization of timber logs are rare and are
often not detailed enough to guarantee reliable results or are only
applicable to tree species from that country. In a study concerning the
evaluation of the mechanical properties of small-diameter logs, Wolf &
Moseley [51] detail the problem of developing adequate design stan-
dard. However, the American Society for Testing and Material (ASTM)
have published some standards such as the ASTM D25 (Standard Spec-
ification for Round Timber Piles), ASTM D2899 (Standard Practice for
Establishing Allowable Stresses for Round Timber Piles), ASTM D3200
(Standard Specification and Test Method for Establishing Recommended
Design Stresses for Round Timber Construction Poles) or ASTM D3957
(Standard Practices for Establishing Stress Grades for Structural Mem-
bers Used in Log Buildings).

Others have tentatively tried to define the mechanical properties of
whole timber, such as a project conducted in the 1990s in Europe [52],
during which many trunks of different species were tested (Scotch pine,
Norway spruce, Sitka spruce, larch, and Douglas fir) with destructive
and non-destructive methods (visual grading, static bending, longitu-
dinal stress wave and X-ray). The study presents a statistical analysis for
the dependence of strength and stiffness on different factors such as
density, knots, moisture content, diameter, and age to find a correlation
between these values and the mechanical resistance. The New Zealand
company Unilog [53] has a promising approach: “Proof-testing is carried
out at the very beginning of the manufacturing process, with no damage
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to the pole, and immediate results available. Proof-testing involves
loading a pole into the pole testing rig, applying a proof force by way of a
hydraulic ram to achieve the required force in 3-30 seconds, and
maintaining the proof force for at least 15 seconds with the pole showing
no signs of distress. Modification factors to account for characteristic
stresses are applied in accordance with NZS3603:1993 Timber Struc-
tures Standard”.

3. Methodology and results
3.1. Centroidal axis and centroidal curve

Tree trunks cannot be considered as perfect truncated cones and even
less as perfect cylinders, as shown in Fig. 9.

The centroidal axis is defined as the linear regression line of mesh
points derived in Grasshopper. Fig. 10 illustrates how this is found with
points R and S representing the intersection between this line and the
mesh. The centroidal axis is used for the design of the structure,
explained in section 3.2.

Connection definitions and their geometric parametrization, such as
those detailed in section 3.5, require the assumption that where two
trunks are connected, they can be approximated by their two respective
inscribed circles of diameters ¢ and ¢. In a trunk, the curve which links
all the geometrical centers of these successive inscribed circles will be
called “centroidal curve”. Fig. 11 shows how this curve is found. This
concept of the centroidal curve is also useful in the calculation of in-
ternal stresses because it allows one to approximate the trunk by a series
of successive cylinders (Fig. 12).

I
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3.2. General approach

This methodology is validated with respect to connections between
trunks, no matter the structure type: simple structures such as floors
made of primary and secondary beams, stacked wooden structures, or
more complex structures such as reciprocal structures. To validate this
methodology, a full-size reciprocal structure consisting of 14 trunks was
constructed (Fig. 38). This structure can be seen on the following videos:
click here [54] and here [55]. The construction of such a reciprocal
structure was a complex way to validate the approach, but it is the
approach that allowed more universality as the connections of a recip-
rocal structure are all different. Its design and fabrication process were
split into three main steps, as shown in Fig. 13.

In step 1, each trunk is photogrammetrically scanned using Meta-
shape [55] and a library containing the 3D mesh of each trunk is created
(Fig. 14). The 3D models are then analyzed to extract geometric data
such as the centroidal axis and the centroidal curve of the tree trunks.

Cutting trunks with a robotic arm requires the selection of a Carte-
sian coordinate reference system with the X, Y, and Z axes, assigned to
each trunk. This requires one to choose 3 points on the log and to
transfer them to the 3D model, or vice versa. This is discussed in section
3.3.

Step 2 concerns the design of the reciprocal structure itself and the
definition of the connections, which is done with Grasshopper and Rhino
software and is summarized in Fig. 15. Data input for each connection
includes the 7 parameters detailed in section 3.5.

A schematic representation of the prototype structure is first pre-
defined considering the basic design rules of reciprocal structures

5

| (5
T Truncated cone
R1 Centroidal axis

Trunk - TR2

Centroidal curve —

Fig. 9. Comparison of perfect truncated cone with centroidal axis, and irregular geometry tree trunk with centroidal curve.

a. Tree trunk

b. 3D scanning by photogrammetry

c. Extraction of the points from the mesh of the
trunk and generation of a line representative
of the general orientation of the trunk by
linear regression. This straight line R-S is
called the « centroidal axis »

Fig. 10. Definition of centroidal axis R-S for assignment of a straight axis on trunks of irregular geometry.
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a. Tree trunk

b. Regular division of line R-S by a series of
planes that are perpendicular to it. The
intersection between each plane and the
mesh provides closed polylines delimiting
the cross-section of the tree trunk

c. In each cross-section, the largest inscribed
circle is found into the closed polyline

d. The centroidal curve is a cubic interpolation
over all the centres of the circles. It is then
extrapolated until the extremities of the trunk

Fig. 11. Demonstration of the centroidal curve, which is not a straight line, passing through the geometrical center of the successive circles inscribed into the trunk.

( Diameter of the largest inscribed circle in the corresponding cross-section

— Centroidal curve

| I PA—| T
Ho, - _____ L
| —
)

Trunk considered as a succession of cylinders —

L T T e P O T O

Fig. 12. Approximating a trunk with a cylindrical series to enable (i) Connection design according to the parameters defined in section 3.5 and (ii) More precise

calculation of a trunk’s internal forces and stresses.

(Fig. 15a). Each trunk is represented by its centroidal axis and for any
given connection, the parameter “O” represents the distance between
the centroidal axes of the trunks (Fig. 15a). Similarly, the parameter “E”
defines the distance between the centroidal curves, which means that if
the value of “E” equates the value “O” it is indicative of a perfectly
straight specimen.

The form-finding process of the reciprocal structure can be achieved
in two ways: either the form-finding is performed directly accounting for
the exact 3D geometry of the logs with variable diameters and curva-
tures (centroidal curves and parameters E), or the form-finding is
defined with logs represented by straight axes (centroidal axis and
parameter O). In the first case, the form-finding algorithm of a reciprocal
structure is complex and constitutes a separate research topic which is
beyond the scope of this research. In the second case, the form finding is
simplified, but it requires the assumption that the curvatures of the logs
are small. The form finding can be performed with different values of an
offset “O” specific to each connection. For the prototype described in
section 4, logs had similar diameters, and a single average value of the
offset “O” was chosen. Typically, for a connection between two trunks of

respective diameters ¢ and ¢, a value of O = (¢1 + ¢P2)/4 is reasonable.
Once parameter “O” has been calculated for each connection, the shape
of the reciprocal structure is fixed and the 3D models of the trunks are
imported into the Grasshopper script, which enables calculation of
parameter “E” for each connection. A large difference between O and E
indicates that a curvature is too big and a physical intersection of two
trunks cannot exist, which can be addressed by either rotating the trunks
or changing the initial offset “O”.

The 3D mesh geometry of each trunk is associated to a well-defined
local (X, Y, Z) coordinate reference system (see section 3.3). This enables
each mesh geometry to be easily linked to the global coordinate system
of the reciprocal structure. This means that through the Grasshopper
design interface any trunk can be rotated as needed. In fact, if the pro-
cess assumes a limited curvature of the trunks, the angular position of
each trunk in the Grasshopper interface is relatively negligible. For the
prototype described in section 4, the trunk meshes were imported with
an arbitrary angular position (Fig. 15b).

Finally, the cutting volumes are calculated and the BTL exchange file
for the robot is created (Fig. 15c). The principle of the BTL file is
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Step 2

Computational design
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Step 3

Machining with the robot

Tree trunks supply

Drawing of the structure
( Fig. 15a)

Generation of robot
movements

—

3D scanning by
photogrammetry

Import of the trunks 3D

‘ Machining with the robot ‘

!

u models (Fig. 15b)

#

Extraction of geometrical
data from the 3D model and

Definition of machining
volumes & BTL file
generation
( Fig. 15c)

referencing )

,% Grasshopper3D

Fig. 13. Design and fabrication process of a structure composed of tree trunks and machined with a 6 DoF robotic arm.

Fig. 14. 3D model photogrammetry scans of the 14 tree trunk elements of the prototype.

explained in section 3.7.

Step 3 is related to the machining of each trunk with the BTL file as
input data, which requires the BTL file to be converted into movement
instructions for the robot arm.

3.3. 3D scanning and reference system

For this prototype, the 3D scan was performed with photogram-
metry. This process requires human intervention for post-processing,
and it is slow, but it has the advantage of accuracy to the millimeter
without high-tech equipment. Agisoft’s Metashape [56] was used to
obtain 3D mesh of each tree trunks positioned vertically such that
photos could be taken from all angles (Fig. 16). About 40 pictures per
trunk were required to cover all angles with sufficient overlap to ensure
the reconstruction of the model. To limit the size of the 3D models, the
mesh resolution was set at 1000 faces per meter of log, which was
sufficient.

To make accurate cuts on a geometrically imperfect object, such as a
trunk, it is necessary to associate it with a local coordinate reference
system (X, Y, Z). This requires one to choose 3 points on the log and to
transfer them to the 3D model, or vice versa. The process that was used
for the prototype is described below, and an alternative process is pro-
vided in the discussion of section 4.

For the prototype that was constructed (section 4), the X-axis used
was the centroidal axis. Furthermore, before the 3D scan of each trunk, a
60 mm cubic box, large enough to be modelled photogrammetrically,
was attached at one end with a screw which remained attached to it
during the entire process, from 3D scan to robotic cutting. The

geometrical center of the box (or the head screw) and the centroidal X-
axis define the X-Y plane (Figs. 17 and 18) and thus the entire (X, Y, Z)
Cartesian coordinate reference system.

Once the Cartesian coordinate reference system is assigned to the
tree trunk, it is referenced for all cuts. In practice, the cutting procedure
is as follows, and its relevance, advantages and disadvantages are dis-
cussed in section 4:

- Place the trunk on its supports. The trunk is previously equipped with
the small cubic box for which the position must stay unchanged after
the scan.

Mark the R and S points with a marker. To achieve this, the shape of
each end is printed out on a 1:1 scale from the digital model of the
trunk, together with the position of the R and S points (Fig. 18d).
The tool central point (TCP), described in section 3.7, is placed on
points R and S (Fig. 18d) and on the head of the screw which
maintains the box (Fig. 18e), allowing the robot’s head to record the
coordinates of these 3 points (point R is assigned coordinates
(0,0,0)).

- The robot, whose instructions are sent to it according to this Carte-

sian coordinate reference system, can then start machining.

3.4. Search for a suitable trunk-trunk connection

As explained in the Introduction, stacked wooden cottages are an
interesting source of inspiration for the design of connections between
logs, as shown in Fig. 1 [5], but most of these constructions are built with
calibrated logs and not with raw logs.
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Fig. 15. Details of step 2; (a) Accounting for the basic design rules of reciprocal
structures, a schematic representation of the structure is made with the cen-
troidal axes of the trunks, (b) Import of the trunks’ 3D meshes (c) Calculation of
the cutting volumes and creation of the BTL file.

The search for the optimal shape, size, and position of the notches in
a connection between a supporting and a supported trunk is a complex
exercise that must consider many parameters. This search is complicated
by the irregular shape of the trunks and the cutting limitations of typical
machining tools. Further considerations include effective transmission
of stresses between the supported and supporting beams, curing the
timber and possible shrinkage, possible presence of tensile stresses
perpendicular to the fibers, the desire to facilitate ease of interlocking,
the specificity of the cutting tools, and the on-site construction
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sequencing.

The support of any beam is assumed to be articulated but locked in
translation in all directions. If the structure is designed in such a way
that the resultant force is orientated from the supported beam to the
supporting beam and, under the assumption of frictionless contact, at
least 4 planes are required to block the three translations in the notch. In
addition, a conical shape is necessary for 4 reasons:

- To facilitate nesting, and thus facilitating the construction of the
structure. Particularly with respect to the installation of a reciprocal
structure, closing of a module requires a rotation of the last element
around the others, and thus of the inclined faces in the connection.

- To Minimize the influence of the lack of precision of the cutting tools.

- To allow for dimensional variation of the wood as it changes in hu-
midity, while keeping the faces in contact with each other, as shown
in Fig. 19. However, due to the anisotropy of wood, a variation of
humidity will transform theoretical cross sections into non-regular
shapes, with consequences of (i) faces will come into contact with
each other after local yielding and (ii) friction stresses could prevent
the movement of one beam over the other and modifying the flow of
stresses must be quantified.

Fig. 17. To define the Y and Z axes, a long screw with a small 60 mm box at one
end of each trunk is placed, large enough to be modelled photogrammetrically.

Fig. 16. Orientations of photos taken for 3D scan with photogrammetry, taken with a Nikon D5300 using a Nikon AF-S DX NIKKOR 18-55mm f/3.5-5.6G VR II

camera lens.
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Fig. 18. Placement of the origin of the Cartesian coordinate reference system, definition of the X, Y and Z axes, and directing of the robot to point R, point S, and the
head screw.

—\ /_ _\ Initial state /_ _\\ /_

Moisture Moisture
decreasing increasing

— —
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Fig. 19. Conical shape allowing nesting and movement in response to changes in humidity.

- To avoid stresses perpendicular to the fibers, which timber often middle of segment AB, depending on the distance between the two

cannot withstand without cracking. This is illustrated in Fig. 20
where scenario 20d is ideal since it avoids contact between hori-
zontal faces which ensures that there are no tensile stresses
perpendicular to the fibers, unlike the scenarios shown in Fig. 20a
and c.

Finally, the notch must be robot compatible. In other words, it must

be simple and wide enough to allow easy access to the cutting tools.

The notch developed and parameterized in section 3.5 is defined by 5

cutting planes shown in Fig. 21:

- Type 1 cut: The main (horizontal) plane is never in contact with
another plane to avoid tensile stresses perpendicular to the fibers, as
explained previously (Fig. 20), but also to maintain good inter-
locking when humidity variations create dimensional variations.
This plane is at point C and is perpendicular to line AB (Fig. 22)
which represents the minimum distance between the two centroidal
curves of the beams. Point C can be located elsewhere than in the
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beams, their respective diameters, and their load levels (see section
3.5).

- Type 2 cuts: Planes are inclined and parallel to the centroidal curve
of the beam. A type 2 cut of a trunk is in contact with the type 3 cut of
the adjoining trunk, and vice versa.

- Type 3 cuts: Planes are parallel to the centroidal curve of the
adjoining beam. A type 3 cut is in contact with the type 2 cut of the
adjoining beam, and vice versa.

To avoid weakening sections, it is assumed that the beams are never
notched beyond their radius. In the remainder of this article, a
connection with such notches is referred to as a “JJP connection”.

3.5. Parameterizing the geometry of the JJP connection

Keeping in mind that the individual geometry of the trunks, as well as
their respective orientations and diameters, can be all different, the
seven geometric parameters that characterize the JJP connection:



J. Geno et al.

Supported Cracks : @
beam
I o
tolerance :
RT
Supporting
beam a.

Automation in Construction 138 (2022) 104198

Supported
beam

Cracks : @

Laying
tolerance :

beam

Supported
beam

Cracks : @

Laying

tolerance : @

Supporting
beam

oy Cracks : @
beam
= 1R Laying @
REES @) tolerance :
Supporting d

beam

f.:-/f ype 3 cut

o

8

Type 2 cut

Type 1 cut

,__‘t R

Type 2 cut

Type 3 cut

Fig. 21. A notch is defined by 5 cuts where each cut has its main plane.

eccentricity (E), notch depth parameter (p), penetration angles (B1 and
f2), Penetration ratio (A), Bottom offset (Bp), and Cutting offset (Cp).
These can be found using the following six respective descriptions:

(i) The global eccentricity E: E is the smallest distance |AB| between
the centroidal curves of two beams in contact with each other (Figs. 22
and 23), while O is the smallest distance between their centroidal axis
(as explained in section 3.2 and shown in Fig. 15a). In other words, E is
equal to O if the adjacent trunks both are perfectly straight, which means
that the centroidal axis and the centroidal curve are identical. Point A is
the point included in the centroidal curve of beam 2, closest to the
centroidal curve of beam 1, and vice versa (Fig. 22). The parameter E
defines the location of the notches and influences the shape and
appearance of the whole structure.

The selection of the value of E should also be made according to the
forces in the beams, the stresses between the connection faces, and the
quality of the nesting. If E is small, a trade-off exists because beams are
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heavily notched and this results in local weakening, but the interlocking
is better and as the total thickness of the beam at a connection location
decreases, the contact surfaces increase, which facilitates the trans-
mission of the compressive stresses.

It is important to understand that the parameter E is dependent on
the selection of the parameter O. To change the value of E for a
connection, one must change of the value of O, which influences the
overall shape of the structure. The process can thus become iterative.

(ii) Position p of the type 1 cut: The beams are never notched by more
than their radius to avoid critical weakness, and the height [L*L™| in
which the type 1 cut (point C, Fig. 22) can be placed is variable, and
shown in Fig. 24. The height |L*L™| depends either on E, or on the di-
ameters ¢; and ¢, or on all three, with |LTL™| being taken as the min-
imum of (E, $1/2, $2/2, (¢p1+d2)/2-E). Parameter p is defined as
p=|L*C|/ILTL™|, with 0 < p < 1. For “normal” situations such as those
shown in Figs. 24c, e, f, h, and i, a value of p close to zero means that the
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Fig. 22. Schematic 3D view of the connection between 2 trunks.
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Fig. 23. The parameter E is the minimum distance between the centroidal curves of two beams in contact with each other.

supporting beam is lightly notched, and the supported beam is heavily
notched. On the contrary, a value of p close to 1 means that the sup-
porting beam is heavily notched, and the supported beam is lightly
notched. The parametric design process is the following and is sum-
marized in Fig. 25: (i) Eccentricity E is chosen with the condition
E < ($1+¢2)/2 and parameter  is “arbitrarily chosen” between 0 and 1,
(i) The value of [L*L™| and |L.*C| = p|L.*L."| are calculated, and (iii)|AC|,
|CB| and/or other distances can be easily calculated for drawing, pro-
gramming, and sending instructions for machining.

Just as for E, the choice of the value of p should also be made
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according to the forces in the beams, the stresses between the connection
faces, and the quality of the nesting. In view of the above considerations
and without precise information about the orientation of the forces to be
transmitted from one beam to another, a value of p=0.5 is the recom-
mended value.

(iii) Penetration angles ; and B5: The penetration angles are defined
in Fig. 26 and are visible in Fig. 21. The value of these angles must be
selected according to various factors. A large value of f facilitates an
easy interlocking, a better transmission of compression stresses and a
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Fig. 24. Parameter p = |L"C|/|L"L7| (0 < p < 1) defines the position of the type 1 cut.

good behavior with humidity changes, but the inconvenient risk is that
the supported beam might “roll” on the supporting beam, as shown in
Fig. 27. Without precise information about the orientation of the forces
to be transmitted from one beam to another, a value of §; = i3 =45° is
the recommended value. While not always necessary, note that to pre-
vent joint dislocation a metal connector, such as a lag bolt, can be
inserted through connections after the structure is built to avoid
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complicating assembly and sequencing.

(iv) Penetration ratio A: The penetration ratio A is defined in Fig. 18,
with 1 or2 = d1 or2/(P10r2/2)

Once again, the selection of the value of penetration ratio A in-
fluences the transmission of forces and stresses into the connection and
must be chosen wisely. Fig. 28 shows that, for E > (¢1+¢2)/2, the ideal
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Fig. 25. Selection of parameters E and p allows knowledge of the exact position
of the trunks, facilitating Grasshopper illustration, and generating trunk
intersection.

scenario is a value of lambda such that the type 3 cuts originate at the
point of intersection F between the circumference of the supported beam
and the upper fiber of the supporting beam. In this case particularly, the
cross-section of the supported beam is notched as little as possible while
having the maximum contact area between the type 3 cuts. For
E < ($p1+¢2)/2, a value of A must be found that is neither too small to

Supported
beam 2
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avoid a weakening of the cross-section of the supported beam, nor too
large to avoid reduced contact areas on the type 3 cut.

(v) Bottom offset Bp: As explained above in section 3.4, Fig. 20, a free
space must be provided to avoid contact between the type 1 cuts of each
trunk, as shown in Fig. 29, which includes correct interlock between the
two beams, good contact between the inclined faces, and avoiding
tensile stresses. The way the cross section of the log will deform while
drying depends on the parameters E, p, p, A and the timber species.
However, an approximation of the thickness B of this space can be
obtained by considering the variation of the diameter ¢ of a log:
Bo = aw¢, where « is the radial hygrometric shrinkage or swelling co-
efficient (maximum 0,2 [%/%]), and w the variation in the water con-
tent of the wood. Considering that the wood is cut during its “green”
state, and that its water content can reduce to 7%, Bo = 46.10’3(1) is
obtained where Table 1 gives the recommended values for Bg for
different diameters.

(vi) Cutting offset Co: The offset Cp plays an important role during
the assembly of a structure, by allowing a rotational movement when a
supported beam is placed. This is particularly important for the closing
of reciprocal modules where the insertion of the last beam of a module is

Beam 2

<A

&N

foe]

oe] L

Beam 1

<A

Supporting
AA beam 1

Fig. 26. Penetration angles f; and ps.

a.

b.

Fig. 27. If angle B; or P is too large, the supported beam risks rolling over the supporting beam, therefore scenario (a) is more stable than scenario (b).
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Fig. 28. Various configurations that illustrate the concept of penetration ratio A (with ¢ = ¢, p1 = 45° and p = 0.5). Note that some do not correspond to relevant

technical solutions, i.e., cases ¢, d, f, g, i.

difficult if there is not enough tolerance in the connection. The cutting
offset Cp is also necessary to reduce the consequences of machining
inaccuracies or the presence of a log protrusion that could locally
interfere with the connection. As shown in Fig. 20, the negative effect of
the offset is to reduce the surface area of the type 3 cuts, which is un-
favorable in the proper transmission of compressive stresses. The value
of the offset should therefore be limited to the strict minimum. The
experiences building this structure, shown in Fig. 1, prompt that a rec-
ommended cutting offset equal to ¢/10 is sufficient and can even be
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smaller for more “classical” structures such as floors.

3.6. Computational design with grasshopper

Fig. 31a shows the graphical result of the script developed on
Grasshopper. Fig. 31b shows the general principle of the script, which
allows a design according to the structural rules of reciprocal structures,
a design of the JJP connections (all different from one another), and the
production of a BTL file that can be used by the robot for cutting (BTL is



J. Geno et al.

Without bottom offset B,

Moisture
decreasing

Automation in Construction 138 (2022) 104198

NG

With bottom offset B

Moisture
decreasing

Bs%

(¢]

Fig. 29. Definition of the bottom offset B,.

Table 1
Recommended values for B,,
Log diameter ¢ (cm) B (mm)
20 9
30 14
40 18
50 23
60 28
70 32
80 37

detailed in section 3.7). Fig. 31c shows the Grasshopper interface of the
connection design. In this chapter, how Grasshopper script manages the
design of connections between trunks is described.

The design of each connection includes three steps:

- Step 1 (refer to Fig. 22): For each JJP connection, the closest
points A and B between the centroidal curves of the two trunks are
calculated, as well as the corresponding diameters ¢; and ¢y of the
largest circles inscribed in the cross-section of the trunks and the tangent
lines t, ty of the centroidal curves at points A and B.

- Step 2: Making of types 1 and 3 cuts (Fig. 21) is performed by
utilizing sufficiently large size rectangular parallelepipeds (Fig. 32a and
b) respectively parallel to t; (for the cutting of beam 2) and ty (for the
cutting of beam 1). Their dimensions are dictated by the input param-
eters of the connection (E, p, B or g, A1 or Ag and B, such as described in
section 3.5). The position C of the main plane along the axis AB depends
on E, p and B, The box must follow these rules: the orientation of the box
depends on t; or ty; the width of the box depends on A; the height and
length of the box depend on the mesh. Finally, the type 3 cut orientation
depends on f; or fa.

- Step 3: Making type 2 cuts (Fig. 21), which corresponds to a
pseudo-elliptical shape of cutting volume, results from several geomet-
rical constructions. The parameters used to create this volume are the 3D
meshes, t; and ty, B1 or o, A1 or Ay, and Co. The process is the following:
(i) The intersection between the meshes of the two trunks gives the first
geometrical limit and only its lower limit i; is kept (Fig. 33a), (ii) The
segments bisector b; and by of tangents t; and t; are drawn (Fig. 33b).
Then, planes p; and p; are respectively defined by (b; and line AC) and
(b and line AC). Next, the intersections of planes p; and pp with the
mesh give the second and third initial geometrical limits i and ig
(Fig. 33¢), (iii) Intersections i3, i, and i3 are assembled to form a closed
3D curve which is projected onto the type 2 cut main plane (Fig. 33e),

Cy=0[mm]

Cy=20 [mm]

b. c.

Fig. 30. Physical representation of (a) Co, (b) no cutting offset (Co = 0), and (c) the decrease in contact area between the type 3 cuts when G, increases.
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Fig. 31. (a) Typical result of the script developed on Grasshopper, (b) principle of the script, which allows the design of structures composed of tree trunks and their
connections, the production of a BTL file that can be used by the robot for the cutting, and (c) the Grasshopper code.

Type 1 cut

Type 3 cut

Fig. 32. Examples of cutting volumes of (a) type 1 and (b) type 3 cuts, which are rectangular parallelepipeds with dimensions fixed by the input connector pa-

rameters E, y, Bo, A, B.
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Fig. 33. Flow of geometrical constructions to create the pseudo-elliptical shape of type 2.

(iv) The 2D curve is then expanded by the offset Cy (Fig. 30). The height
of the volume to be cut is based on the mesh of the trunk (Fig. 33f).

3.7. From the parametric design to the robotic arm, via the BTL

The BTL format [57] is a free standard developed by a cooperation of
machine designers and software developers for data transfer from a
design software to wood-cutting machines. The advantage of BTL is that
the way cutting is performed does not depend on the designer of the
structure, but on the manufacturer of the machine. In other words, the
user can be independent of the designer. Therefore, if the cutting tool
changes, the BTL file remains the same.

As briefly explained in section 3.6, each notch is made by breaking it
down into a series of cutting volumes (Fig. 34). Each of them is hollowed
out by the tool in several machining passes. The robotic arm that was
used to produce the prototype was equipped with a milling cutter that

works perpendicular to the main surfaces of type 1, 2 or 3 cuts, as
defined in Fig. 21. Five cutting volumes are required to make a complete
notch (Fig. 34). The Grasshopper script described in section 3.6 allows a
generated BTL file to be sent to the robot for machining each notch. This
file contains the geometrical characteristics, the referencing system, and
the type of process (i.e., Lap Joint or Free Contour) of the 5 cutting
volumes.

The BTL library currently includes 47 processes developed specif-
ically for woodworking. Only two processes were needed for this proj-
ect, respectively the “Lap Joint” BTL process for types 1 and 3 cuts, and
the “Free Contour” BTL process for the type 2 cut (Fig. 35).

Each process consists of one or more operations called “proc-
essidents”. For the “Lap Joint” BTL process, only one processident is
needed and it simply consists of digging a rectangular parallelepiped for
which the following parameters are provided: (i) the 3 dimensions of the
box, (ii) the origin of the local Cartesian coordinate reference system (X,

Type 2 cut Type 2 cut

Fig. 34. The 5 cutting volumes required to carve a notch and the completed notch.
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Fig. 35. (a) “Lap Joint” BTL process used for type 1 and type 3 cuts and (b) “Free Contour” BTL process used for type 2 cut.
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Fig. 36. Translation of a BTL file into robot movement instructions.

Y,Z), and (iii) its orientation. For the “Free Contour” process, several
processidents are necessary because the contour of the type 2 cut is a
closed curve of complex geometry which must be approximated by a
series of circular arcs. Finally, each “processidents” is itself character-
ized by a maximum of 16 parameters. These parameters correspond to a
datum which may, for example, be a dimension, a cutting depth, the
starting point of the tool, etc.

The robot used is an ABB IRB 6700 mounted on a track motion
system of 40 m length (Fig. 37). It is equipped with a 9.5 kw HSD electric
motor and a milling cutter of 40 mm diameter and 160 mm length, and
its arm is composed of elements with a total of 6 different rotational
axes. The logs to be machined are firmly attached on static trestle. To
move the robot tool from one point to another, there are many solutions
since the articulated arm is made up of different moving parts. The
definition of these movements, with the BTL file as input, is beyond the
scope of this article, but Fig. 36 shows the principle of this process. The 5

volumes defined in Fig. 34 represent each a “task” to be performed by
the robot. Each “task” is a sequence of operations that drive the move-
ment of the cutting tool, which is defined by the TCP (Tool Central
Point), to different points in space called “targets”. In addition to this
information, the ABB robot controller also needs a “Work Object”
(which is the (X, Y, Z) referencing system of the log), and an “Axis
Configuration”, which globally defines for robot’s rotational axes
number 1, 4 and 6, in which zone (0° to 360°) a rotation should occur
during the movements towards the targets. Targets are created so that
the cutting tool traverses the entire cutting volume and depend on the
power of the motor, the size of the cutter, and the type of wood (soft-
wood or hardwood). For instance, the layer of removed material in
hardwoods is generally finer than in softwoods, which are softer.
Finally, tasks are translated from C# programming language to RAPID
language so that the ABB controller can give instructions to the robot.

Fig. 37. ABB IRB 6700 robotic arm.
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4. Description of the prototype and discussion

A reciprocal structure prototype has been built, shown in Fig. 38. The
diameters of the 14 trunks are similar, and the parameters have been set
to the following values for each notch: E =120 mm (average radius of
the trunks, the Kangaroo plug-in of Grasshopper is used to find the po-
sition of all lines that satisfy this eccentricity at each intersection),
p=0.5, p1=P2=45° A =h2=0.5, Bo=10mm and C,=20mm.
Figs. 37 and 39 show the 6 degrees of freedom robotic arm that was used
to machine the connections. The structure displays excellent rigidity and
stability, even with applied point loads. However, two precautionary
cables have been added to avoid any slippage due to excess weight as the

Front view

0,50 [m]
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structure has since been displayed in public and spectators have been
known to scale the structure.

The design, prefabrication, and construction of the structure ac-
cording to the process detailed in this article confirm the validity of this
approach and suggests the following comments:

(i) 3D Scanning: Photogrammetry was performed with a basic cam-
era (Fig. 16) and with the Metashape software from Agisoft [56]. The
advantage of this solution is the low-cost compared to other scanning
technologies such as LiDAR. Furthermore, photogrammetry provides a
very high accuracy (1 mm on the shape of any trunk’s circumference),
which proved to be sufficient for design and machining. The

1,75 [m]

10,55 [m]

Top view

Fig. 38. Reciprocal 3D frame composed of timber logs (from the authors, 2020, videos on: [54,55]).
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Fig. 39. Milling of a timber log with a 6 DoF robotic arm (from the authors, 2020, videos on: [54,55]).

disadvantage of photogrammetry made with Metashape is that it re-
quires a manual post processing which is not compatible with an unin-
terrupted automatic process between design and machining. However,
Stathopoulou [58] et al. had developed solutions based on COLMAP
[59], OpenMVG+OpenMVS [60] and AliceVision [61] that can auto-
mate photogrammetric digitizing. In the case of an industrial process
where the optical lenses are sensitive to dust, it is believed that a better
solution would be to combine non-destructive mechanical log charac-
terization equipment with laser scanning equipment. This solution
would allow the creation of a timely databases that simultaneously in-
cludes mechanical and geometrical data of the logs.

(ii) Robotic Arm: A preliminary machining test was performed with a
simple manual router mounted on a bench (section 1.2). This test
showed that typical tools such as CNC are not adapted to making JJP
connections for several reasons, for example, trunks are too long and
there are too few degrees of freedom, so consequentially the machining
operation is very time consuming (several hours per trunk). Further-
more, positioning the tree trunk in the bench for each new machining
reference planes (5 per connection, equating to referencing the tree
trunk 20 times in the bench for a beam with 4 connections) can lead to
inacceptable inaccuracy. The 6 DoF robotic arm mounted on a suffi-
ciently long track (the one used herein is 40 m long) eliminates these
problems. The 9-kW milling cutter’s motor, which was used with the
robot, completed each connection in about 15 minutes with a measured
accuracy better than 2 mm. However, two drawbacks of the robotic arm
were raised: (i) Recording the position of the R and S points on the trunk
ends with the robotic arm end tool requires an operator and is time-
consuming, even if it is done only once per trunk, and (ii) The cutting
equipment is long (90 cm), therefore a large amount of free space is
needed for the robot around the cutting areas, which may be cumber-
some when operating near the trestles supporting the log. In some cir-
cumstances, movable trestles or a special support system may be
required. Nevertheless, the cutting of the 14 logs in the prototype was
done without any loss, all connections conformed with designs, no
rectifications were necessary, and no failure was noticed during the
cutting.

(iii) Local coordinate reference system (X, Y, Z): The process
described in section 3.3 requires the use of a small box attached to the
trunks, and the use of paper printouts for the marking of points R and S
before Robot Cutting. This is a double disadvantage because on the one
hand the small box is fragile when the log is moved, and on the other
hand the scoring of R and S requires printing on paper and slows down
the process. Another possible process is illustrated in Fig. 40. Before
scanning, the points P;, P; and P53 are marked on the log (with a marker
or a simple screw). They are then scanned with the log (the equipment
used must therefore allow their detection). Then, these points are added
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to the mesh and they allow the definition of a local (X, Y, Z) reference
system, to which the centroidal axis R-S can then be referenced. The
centroidal axis can then be referenced in this local reference frame.
Before starting to cut, it is sufficient to point the robot head on the points
P;, P, and P3. This process avoids the above disadvantages (the use of a
box and printing on paper before cutting), but it requires more work
from an operator during the generation of the mesh.

(iv) BTL Files: The selection of a BTL file produced by the Grass-
hopper script makes it possible to perform the cuttings with a robotic
arm but also with most wood-cutting machines, which is an advantage.
The project partner Imax Pro has developed its own algorithms to
translate BTL files into robot instructions (Tasks, Targets, WorkObject,
TCP and Axes configuration) and this is the second reason why it was
decided to produce BTL file from the Grasshopper code.

However, if it is decided that the design tool in Grasshopper is to be
used only with a robotic arm, the writing of a BTL file can be avoided, as
well as the “translation” imposed by the file and the consequential time
loss. This decision requires the code that defines the robot instructions to
be directly integrated into the algorithm used in Grasshopper.

(v) On-Site Construction and Connection Behavior: No major diffi-
culties were encountered during the on-site construction of the struc-
ture. The JJP connections have ensured a good contact between trunks,
even after the timber dried. The precision of the machining and design
process were also sufficient. The assembly of the structure was done
module by module, each beam placed in a specific order, and the conical
shape enabled good guidance and clamping. The 20 mm cutting offset
Co was necessary to enable the insertion the last beam of each module,
as a rotation movement of this beam was required.

(vi) Structural Design and Reliability: This article deals mainly with
the design aspects of trunk-trunk connections and their machining with
robots. However, the structural reliability aspects are a very big chal-
lenge in construction with tree trunks. Globally, this includes three
distinct aspects. First, it is necessary to develop non-destructive exper-
imental protocols to characterize the individual strength of logs. This
may involve testing machines or grading methods similar to those used
for squared timber. Secondly, it is necessary to understand how the
stress flows at the connections evolve as they are influenced by drying
and global movements of the structure. Finally, for reciprocal structures
in particular, research is needed to develop calculation methods that
account for particular local behaviors of the connections. Of course, the
stresses that passed through the connections are influenced by the in-
ternal forces in the structure, and vice versa.
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Fig. 40. Alternative for the local coordinate reference system.

5. Conclusion

The use of wood in construction is still very marginal in many
countries. There are several reasons for this, but one of the most
important reasons is the high cost of the wood-processing industry,
which makes timber uncompetitive compared to concrete or steel. Using
whole timber in construction therefore makes sense, especially since
cutting it into rectangular sections has a negative impact on the me-
chanical characteristics.

The recent emergence of advanced digitization and robotics means
that it is now possible to prepare trunks using this design philosophy to
be applied at an industrial level which, only a decade ago, would have
been unaffordable and incompatible with modern construction as it
required expensive artisanal craftsmen.

The objective of this research was to prove the feasibility of the in-
dustrial production of trunk-trunk connections, using a design and
manufacturing process based on a semi-direct link between computa-
tional design and a robotic arm performing automated cutting. To meet
this challenge, these mathematical parameterization of the geometry of
wood-wood connections enables good contact, good stacking, easy
construction, insensitivity to humidity variations, and good flow of
stresses. Next, a code was created in the form of a plug-in for Grass-
hopper software allowing the design of structures composed of trunks
previously scanned in 3D to automatically define the cuts to be made
and finally to create a BTL file allowing the delivery of cutting in-
structions to a robotic arm. A machining bench was also built to
demonstrate the relevance of using robotic arms for this type of work.
Finally, a full-scale 5m x 10 m prototype made up of 14 trunks was
designed, machined, and assembled according to this procedure
(Fig. 38). On the principle of “who can do more can do less”, this pro-
totype is a so-called reciprocal structure, of which all connections are
different. The result is a complete success which now allows the project
to move forward by perfecting the methodology to incorporate more
automated and efficient design and manufacturing. The research ave-
nues are now the following:

- The development of an efficient and fast 3D scanning tool for trunks
(other than photogrammetry which is too time-consuming in post-
processing), possibly combined with equipment that allows the me-
chanical characterization of the trunks.
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- The establishment of rules for the selection of the 7 parameters that
determine the geometry of the notches according to the respective
orientation of the assembled trunks and the value of the forces at the
notch. It was shown that the variation of these parameters can have
favorable or unfavorable impacts on the quality of interlocking, the
capacity to absorb variations in humidity, the transmission of
stresses, the inertia of the sections around the joints, and the ease of
on-site construction. This is a very broad area that must be investi-
gated to answer the question: for a given connection between two
trunks and a given value of the forces to transmit, how can the
optimal values of the 7 parameters be found in order to satisfy the
perfect transmission of all stresses and forces in the structure?

In addition to the previous point, further research should incorporate
the calculation and design of the overall structure, and not just the
connections. This concerns the improvement of the design interface
to integrate a global and local calculation tool that allows for an
optimal design of the connections (transmission of local contact
stresses) and an optimal design of the global structure (transmission
of internal forces). Even if this is facilitated by the parametric design,
the design of the global structure and the design of each connection
are indeed linked and require an iterative algorithm which is insuf-
ficiently explored, especially for reciprocal structures.

Regarding the development of a more automated system for defining
and recording the local reference system attached to the trunks: This
principle has been explained above in reference to the trunks, which is
done using a solid box attached to each trunk by means of a metal rod.
Before cutting begins, the robot must point at this object and record its
position, which requires the intervention of an operator, though this step
is likely to slow down the process. To remedy this, the use of a LiDAR
attached to the robotic arm and correctly referenced could be a solution.
In addition, the storage and handling of logs is likely to damage the solid
boxes attached to each log. The use of a LiDAR, referenced to the robot,
would be comparable to the 3D mesh used for the design of the cuts and
a second 3D mesh made at the time of the cuts could make it possible to
know the exact position and orientation of the log on the trestles, and
thus avoiding the use of this box.
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