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Abstract: CAD/CAM technology applied to wooden structures means that
traditional joining techniques, rather than metal-fastener-based systems, can
now be industrialized. The development of the "Spatial Masterkey™ system
manufactured with a 3-axis CNC milling machine is presented. The system
democratizes traditional joining techniques. It is designed for the construction
of lightweight roofs, based on articulated joints with 50x50 mm section bars,
working under traction and compression. A test campaign involving 6
different trials was proposed for the evaluation of the behavior of the different
nodes. Satisfactory practical results were obtained in relation to the estimated
theoretical values. Tensile and compressive tests on the horizontal/vertical bar
nodes yielded higher results than the calculated values (8.50 kN before failure).
With regard to the tests on the diagonal bars, cylindrical doweling
reinforcements were required, which increased the resistance capacity by
almost 130%. Future lines of research that can be pursued within this field are
also proposed

Keywords: Wood-wood joinery, democratized digital manufacturing,
“Spatial Masterkey”, spaceframe; sustainability, physical testing

1 Introduction

Structural wooden joints are the most conflictive points in a wooden structure and are of special
interest, in so far as the struts that form the structure either become discontinuous or reduce their
effective section (art 5.2. [1a]) at those points, due to the milling process that is necessary to assemble
the wood-to-wood joints.

Advances in digital manufacturing [2, 3] have also implied looking back at the past and reviving
joinery assembly techniques [4] that, due to the use of metallic fasteners to join parts, had fallen into
disuse [5-8]. Mass customization of traditional joinery techniques can now be done [9-13], thanks to
CNC production tools, making their use not only highly competitive -rivaling metallic fasteners across
a range of specific uses- but, above all more respectful of the environmental, through the elimination of
fasteners [14-16]. The contribution of this paper is the reinterpretation of carpentry joints through digital
design, using an affordable and easily accessible 3-axis CNC milling machine for the production of a
new wood-wood joining system known as the "Spatial Masterkey" [17].

1.1 Background of the research and current state of research in this field
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The research and development of the “Spatial Masterkey” joining system was inspired by an
analysis of a 3D wooden puzzle called “Snowflake” (Figs. 0 (a, b)) whose formal configuration and
unique method of interlocking its constituent pieces make it a system with the potential to generate
complex spatial structures.

After converting the “Snowflake” puzzle to meet the requirements of digital manufacturing, so that,
in addition to it becoming a structural element, its manufacture could be digitalized, and industrialized,
and access to it could be democratized, it was named the “Spatial Masterkey” joining system (Fig. 0(c)).

The adaptation of the “Snowflake” puzzle to digital manufacturing and its configuration as a
structural element meant having to modify both the shape of some pieces of the original puzzle and
their joining systems. In that respect, it should be noted that the pieces that constitute the “C” shaped
diagonals (orange box - Fig. 0(b)-) were converted into 3 independent “I” shaped bars (green box - Fig.
0(c)-), so as not to waste material during their manufacture (a key aspect in prefabrication). From among
the 3 bars, the central one was not needed in 2/3 of cases, so the diagonal consisted of a single bar
(yellow box - Fig. 0(c)-). In the remaining third, the independent bars had to be mechanically joined
together again to reconstitute the “C”, so doweling reinforcements were inserted to strengthen the bars
(red box - Fig. 0(c)-). It should be noted that the shape of the bars was modified in this phase of studying
the joining system (strength-capacity evaluation phase), due to both the reinforcements and the
perforations cut into the bars to join the aforementioned parts, as a consequence of the progressive
improvements, as can be seen in the following figures. Regarding the current state of research in this
field, there are other construction systems developed under the same premises (industrialized digital
manufacturing and universal access) as the “Spatial Masterkey” joining system. Examples drawing on
the same philosophy can be found in projects such as “WikiHouse” [53], in the “Arches” project by the
Boano Prismontas architectural studio [54], in the “X-Frame” [55], “CLICK-RAFT” [56], “Wood
Frame Grammar” [57], “Sim[PLY]” [58], “[SI-MODULAR]” [59] construction systems.

(a) “Snowflake” puzzle assembled.
(b) Parts of “Snowflake”.
(c) Parts of “Spatial Masterkey” joining system.

Fig. 0. “Snowflake” puzzle and “Spatial Masterkey” joining system.

2 Design of the “Spatial Masterkey” wood-wood joining system
000071-2
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A digital manufacturing process was followed in the design and manufacture of the “Spatial
Masterkey” wood-wood joining system [17] (Fig.1), because of the advantages that it brings to the
milling of wood-wood joints (cutting speed and precision, and dimensional uniformity) [7, 18]. The use
of this joining system is not only competitive, but also respectful of the environment, because the joints
that are made of wood have a very low carbon footprint. The raw material from which the joints are
processed has emitted no green-house gases during its growth and requires little energy during its
production process. Moreover, wood products can be considered a carbon sink, as they have negative
CO2 emission coefficients [19]. Compared to conventional building materials, they are the most
environmentally friendly [20-21].

A Computerized Numerical Control (CNC) 3-axis milling machine was chosen for the manufacture
of the “Spatial Masterkey” system with the sole aim of “democratizing” the production of the joints [2,
22-23] and, therefore, the structures that can be manufactured with them. An affordable tool is employed
that is easily accessible in society, both because of its low cost, if its purchase is desired, and because
of the ease with which a single person can manufacture products using economic components.
Nevertheless, that advantage may have implied a limitation when designing the geometry of the “Spatial
Masterkey” as a consequence of the specific restrictions of the CNC machine, in so far as the milling
head only functions with the workpiece positioned on a normal flat surface, and can only move the
cutter along three axes: X, Y, and Z.

(a) Complete “Spatial Masterkey”.
Fig. 1. “Spatial Masterkey” wood-wood joining system.

The “Spatial Masterkey” wood-wood joining system not only comprises a “complete” set of node
connectors, but also the adaptions (Fig. 19) that are necessary to resolve the joints of the spaceframe
when the number and the position of the struts that are joined within each set of node connectors vary
-on most occasions, the “complete” set of node connectors is not needed-. The removal of struts implies
altering the balance of the initial set of node connectors, which leads to specific adaptions of some of
them to guarantee the integrity of the structural joints. The “Spaceframe Module” (Fig. 20) represents
the set of spatial connectors, selected to determine the adaptations of the “complete” set of connectors.

3 Strength class and properties of the wood

Sawn Pinus sylvestris, was used for the manufacture of the “Spatial Masterkey” joining system
and related tests.
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A method was applied for the determination of the mechanical properties of this sort of wood that
assigns a strength class to the wood, on the basis of certain quality parameters -for which purpose the
singular aspects (knots, splits, grain irregularities, etc.) were analyzed in a representative joint of
wooden pieces- associated with a series of strength, rigidity, and density values. That categorization is
needed to define the mechanical properties of the wood that will be used as a structural component.

The method in question was the “visual classification of wood”, covered in the Spanish norm UNE
56544:2022 [24], which specifies three visual qualities of sawn coniferous wood for structural purposes
(ME-1, ME-2 and MEG). The wooden workpieces met the visual quality criteria class ME-1.

A C27 strength class was assigned to the quality rating -ME-1- of the Pinus sylvestris species
(Annex C, Table C.1 [1b]); the strength, rigidity and density values associated with this class of sawn
wood are presented in Annex E, Table E.1 of the C&ligo Té&nico de la Edificacidn Seguridad
Estructural- Madera [Technical Building Code Structural Security - Wood] [1c].

This quality-based classification norm guarantees that the values of the sawn-wood properties
classified in that way will be equal or greater than the corresponding values of the assigned strength
class.

4 Criteria considered to evaluate the stress/strain levels of the node connectors that form the
“Spatial Masterkey” wood-wood joining system

When modeling the possible structures for which the Spatial Masterkey joining system could be
developed, it was understood that the forces acting upon them would be applied to the set of node
connectors. In addition, the necessary tolerances to be taken into account, so that the machined pieces
interlock with each other, favors the independent movement of the struts and avoids any possible
transfer of moments due to low rotational stiffness [25-28]. It may therefore be concluded, in the view
of the above, that the joints behave as articulated joints.

The evaluation of the stresses to which the struts that form the joints may be subjected were
conducted through experimental tests on two axial strain types -traction and compression- in view of
what was indicated earlier -which is to say, due to the inappreciable effect of moment-related stress
levels.

5 Evaluation of the load-bearing capacity of the “Spatial Masterkey” joining system through
experimental methods

5.1 Experimental method

The experimental method consisted in subjecting the real material -which is to say, the struts that
will be assembled to form the spatial structure- to a series of tests. That type of method yields high
quality results, because the evaluation is conducted on a 1:1 scale prototype that accurately represents
the physical and constructive features and the real stress state of the struts that will be used when
assembling the structure [29].

There is a wide range of scientific literature regarding the analysis of the behavior of wood-wood
joint systems subjected to different types of stresses through laboratory tests. This is due to the
importance of understanding the failure modes of the joints that constitute wood-wood structures prior
to their installation:

o Either, in order to improve their design, by means of an iterative design-manufacturing-testing
process, in order to propose solutions, that prevent structural collapse.

e Orto understand the limits and range of use in which wood-wood joint systems can be applied.

Most publications focus on mortise and tenon joints [30-33], dovetail joints [34-40], scarf/splice
joints [39-43], and step joints [44-46], as these systems are frequently used in a large number of
connections in traditional building structures.

In view of Section 4, on the transfer of moments in the structure assembled with this joining system
and to simplify the laboratory tests, solely axial traction and compression strain levels will be estimated
in the struts that form the joints. In that way, the load-bearing capacity of the “Spatial Masterkey”
joining system may be evaluated with experimental methods.
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5.1.1 Manufacture of the parts of the “complete” node of the “Spatial Masterkey” joining system to
evaluate its load-bearing capacity in laboratory tests

The parts of the “complete” node of the “Spatial Masterkey” joining system, necessary for the
viability of the axial (traction and compression) tests in the relevant universal testing machines, were
machined for the laboratory tests, without it implying any negative effects on the reliability of the results,
had they been compared to the test results on the “complete” set of node connectors. In other words,
precise and essential load-bearing conditions were reproduced in the assembled struts, so that the
physical traction tests on the 3 types of struts -on one of the horizontal/vertical node connectors, on the
single piece diagonal node connectors, and on the two-piece node connectors- were both under traction
(shown in Fig. 3, 5, and 7), and under compression (shown in Fig. 4, 6, and 7)- on the same types of
struts, so that the results could be as close to the real structural behavior of the complete set of spatial
node connectors. The above amounts to a total of 6 test set-ups (Fig. 2).

24

»
[ JUnder traction [[]Under compression [_]Under traction [_]Under compression [ JUnder traction/compression
Horizontal/vertical node connectors Single piece diagonal node connectors 2-piece diagonal node connectors

Fig. 2. Parts of the “complete” node of the “Spatial Masterkey” joining system necessary for axial strength tests.

The maximum number of pieces to manufacture and, therefore, the composition of the node
connectors to evaluate the load-bearing strength of the 3 types of struts, differed between the traction
and the compression tests in the analyses of both the horizontal/vertical node connectors (Fig. 3 and 4)
and the single diagonal piece (Fig. 5 and 6).

o Inthe first of the three cases -the horizontal/vertical node connectors- all that is necessary is the
presence of 1 strut for traction tests, as its stress state is unaffected by the presence of other
struts connected to the node, so that one is sufficient; whereas two pieces are needed for the
compression test. The application of compressive force on the vertical strut will influence its
mid-length joint with the other horizontal strut, because the presence of the latter part enlarges
the effective section withstanding that force -specifically, the totality of the section of the piece-
when the vertical piece is compressed.

¢ And in the second case -the single diagonal piece-, the composition of the struts for a proper
traction test implied modifying, with regard to the compression test, the stereotomy of the joint
between the single diagonal piece and the horizontal/vertical one with which it is assembled. It
was done so that the joint could not “detach” after the application of traction force leading to
relative displacement between one strut and the other. In addition, the strut that reproduced the
horizontal/vertical node connector was milled in such a way as to ensure the viability of the
traction test, so that its grain was at an angle of 459with the single diagonal piece, to simulate
its actual placement at 450 the aforementioned diagonal piece. In the traction test, two struts
were used (a single diagonal piece and another horizontal/vertical one). Apart from the
horizontal node connector with which the single diagonal piece interlocks, in order to perform
the compression test effectively on that single piece, another symmetrical single diagonal piece
was needed -assembled in the same way with the horizontal strut- so as to the compressive
force properly -to the axis formed by both diagonals- and another vertical strut, assembled mid-
length perpendicular to the horizontal, so as to avoid any rotation of the diagonal parts that
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might detach the joint. So, 4 pieces were needed for that test (two single diagonal pieces and
two horizontal/vertical ones).

In contrast, in the type of 2-piece diagonal strut, the composition of the node for its traction test
was identical to the one for the compression test. The configuration of the node was similar to the
configuration for the compression test on the single diagonal piece and for the same reasons, with the
exception that the two pieces that formed the diagonal were linked by a dowel pin. Any relative
movement between both pieces in a perpendicular direction to the plane when the loads were applied

was therefore prevented.

(a) Pieces of the node. (b) Assembled (Front). (c) Assembled (Back).
Fig. 3. Under traction. Fig. 4. Under compression.

HORIZONTAL/VERTICAL NODE CONNECTORS

SINGLE PIECE DIAGONAL NODE CONNECTORS

(a) Pieces of the node. (b) Assembly phase 1. (c) Assembled
Fig. 5. Under traction.

(a) Pieces of the node. (b) Assembly phase 1. (c) Assembled (Front). | (d) Assembled (Back).

Fig. 6. Under compression.
000071-6
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2- PIECES OF THE DIAGONAL NODE CONNECTOR

(a) Pieces of the node.

(c) Assembly phase 2.

(d) Assembly phase 3. (e) Assembled (Front). (f) Assembled (Back).
Fig. 7. Under traction/compression.

The numbers on the struts refer to those shown in Fig. 8.

One very important aspect to consider is the need to contemplate tolerances in the specific design
of the model, in order to manage not only machining imprecision, but also possible volumetric
movements of the material.

The necessary tolerances were defined in experimental terms through an iterative process during
the process of milling the pieces. That parameter, introduced in the preparation of the CAM file, was
continually adjusted until the milled perimeters of the pieces to be placed in contact with each other
fitted together perfectly, while allowing for easy assembly and disassembly (in this case 0.4 mm in the
perimeters where there is contact between the pieces).

The pieces used in this test were made of Pinus sylvestris, except for the dowel pins that were made
of Fagus sylvatica.

The considerations taken into account in the design of the cut-outs of the pieces to optimize the
manufacturing were as follows:

e They had to be completed in such a way that the machining of each piece was a single operation
(with no need to stop the manufacturing process to reposition the pieces) and using a single,
straight, 8 mm cutter. In doing so, both inaccuracies and increased milling times were avoided.

e The assembly/disassembly of the structures, piece by piece, was not prevented.

The following images depict the CAD design of the milling paths, the manufacturing process, and
the product, which was machined with a 3-axis CNC machine and then assembled with the node
connectors for testing (Fig. 8).
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1 Mortising (blue path). Z: 0 to 22,5 mm Milled piece

2a

e

ickness

Milled piece

Mortising (blue path). Z: 0 to 22,5 mm Cutting (red path). Z: full thickness Milled piece

Milled piece

§

Mortising (blue path). Z: 0 to 22,5 mm Milled piece
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<P )

Cutting (red path). Z: full thickness Milled piece

3

Cutting (red path). Z: full thickness

Milled piece

9 Mortising (blue path). Z: 0 to 15 mm Cutting (red path). Z: full thickness Milled piece

Wood grain direction
Fig. 8. Cutting path, manufacturing process, and final product assembled with the pieces milled by the CNC
machine.

5.1.2. Considerations when performing the laboratory tests and their results

The load-displacement traction tests were conducted on a 100 kN “Ibertest” universal testing
machine, with a precision class, as per 1SO 7500-1 of 0.5, and a displacement resolution of 0.001mm.

The compression tests were conducted on a 300kN “Test Systems” universal testing machine, with
000071-9
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a precision class of 0.5, as per ISO 7500-1, and a displacement resolution of 0.001mm.

The parameter that was considered when conducting the test was deformation per minute of the
node connectors under traction/compression subjected to that force -specifically, 0.6 mm/min-.

Given the stereotomy of the carpentry joints, in which the necessary tolerances have to be defined,
so that the milled pieces of each connector can be interlocked with each other, the higher the number of
node connectors, the higher the accumulation of tolerances. In consequence, greater deformations will
be obtained before the collapse of the joint, whether under traction or compression.

This hypothesis will be justified in the descriptions of each test.

The aim is to determine the necessary traction/compression force to be applied to the different sorts
of struts that form the “Spatial Masterkey” joining system before the nodes collapse, due to failure of
some of the struts.

The tests and their results are described below for each type of strut when applying the axial loads
in the direction of their longitudinal axes -in line with the grain-, and where the test failures occurred in
the different sets of connectors inserted in the node.

In total, 6 tests, one under traction and another under compression for each of the three types of
struts were conducted -the diagonal strut formed of only 1 piece, the strut with 2 pieces and, on one of
the horizontal/vertical struts-.

The different test phases are depicted for each strut type and axial force in an image of the initial
state of the machine, another in its final state after the failure, and the last one showing the
deformation/failure diagram (Fig. 9(a), 10(a), 11(a) -under traction- and 12(a), 13(a), 14(a) -under
compression-). That analysis is complemented by a strain-deformation diagram for each of the 6 tests
(Fig. 9(b), 10(b), 11(b) -under traction- and 12(b), 13(b), 14(b) -under compression-), and the image
of the piece in which the failure occurred (Fig. 9(c), 10(c), 11(c) -under traction- and 12(c), 13(c), 14(c)
-under compression-).

Rothoblaas TBS MAX 8x200 (8mm in diameter by 200 mm in length) flange-head screws were
screwed into the sides of the struts at parallel points in the direction of the grain on the axis where the
traction forces were to be applied for the traction tests. The screws served as gripping points for the test
machine to apply the traction force properly for a satisfactory test. It was confirmed that in no case was
failure due to the displacement of the screws in relation to the pieces in which they were inserted.

5.1.2.1 Traction tests

HORIZONTAL/VERTICAL NODE CONNECTORS

In this test, the presence of only 1 strut is necessary, as its stress state is not affected by the presence
of other node connectors.

Failure occurred under a load of 8.64 kN (Fig. 9(b)), due to shear stress in a direction parallel to

The direction of the grain (art. 6.1.8 [1d]) (Fig. 9(a)) within the area of the change of section of strut 1
(Fig. 3), with a tractional deformation of the strut of 6.11 mm in the direction of the load.

FORCE FORCE

PARALLI
SHEAR

e z A FORCE FORCE
End of test Schema of deformation/breakage
Grain direction

Fig. 9(a). Initial and final phase of the traction test and deformation/failure diagram of the
horizontal/vertical node connector.

Start of test
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Fig. 10(b). Traction test force/deformation diagram of single piece diagonal node
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2
1
0
0 1 2 5 6 7

Deformation (mm)

Force (kN)

Fig. 9(b). Traction test force/deformation diagram of the horizontal/vertical Fig. 9(c). Shear fractured-piece.
node connector.

SINGLE PIECE DIAGONAL NODE CONNECTORS

The traction applied to the struts that formed the node -diagonal strut 3 and horizontal/vertical strut
2a-b which were assembled (Fig. 5)- resulted in relative displacement between both that caused the
failure of horizontal/vertical strut 2a-b under a load of 0.734 kN (Fig. 10(b)) under traction

perpendicular to the grain (art. 6.1.3 [1e]) (Fig. 10(a)), with tractional deformation of the assembled
node of 2.81 mm in the direction of the load.

FORCE

PERBENDICULAR &
RACTIO|

Wik Y 1

8 FORCE
End of test Schema of deformation/breakage
| Grain direction

Fig. 10(a). Initial and final phase of the traction test and deformation/failure diagram of a single piece
diagonal connector node

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0 1 2 3 4 5 6 7 38 z —

-0.1

Start of test

Deformation (mm)

Fig. 10(c). Fractured piece under

connectors. traction perpendicular to the grain.

000071-11



de-los-Aires-Sol ¥ et al., SUST, 2025, 5(2): 000071

2-PIECE DIAGONAL NODE CONNECTORS

The traction applied to the diagonal struts 6 (Fig. 7) caused rotation in strut 7 (Fig. 7) symmetrically
opposite to the axis of traction and to strut 4 (Fig. 7); the rotation preceded the breakage of strut 4 under
shear stress parallel to the direction of the grain in the assembly with one of the pieces (strut 7) as a
consequence of the thrust of piece 7 upon strut 4, due to the relative rotation occurring between both
(Fig. 11(a)).

The failure was produced under a load of 1.496 kN (Fig. 11(b)) due to shear stress parallel to the
direction of the grain (art. 6.1.8 [1d]) in the area of interlock between strut 8 and piece 7 (Fig. 11(a)),
with a structural deformation of 14.04 mm, due to compression in the direction of the load.

FORCE
End of test (front and back) Schema of deformation/breakage
Grain direction

Start of test (front and back)

Fig. 11(a). Initial and final phase of the traction test and deformation/failure diagram of 2-piece diagonal node
connectors.

1.6

14

12
1

0.8

Force (KN)

0.6
0.4
0.2

0
0 2 4 6 8 10 12 14 16 18

Deformation (mm)
Fig. 11(b). Traction test force/deformation diagram of 2-piece diagonal node Fig. 11(c). Shear fractured piece.
connectors.

5.1.2.2 Compression tests

HORIZONTAL/VERTICAL NODE CONNECTORS

The result of the compressive load applied to strut 1 (Fig. 4) was excentric with respect to the
effective section of the strut, which caused flexion of the piece in its mid-length joint with strut 8 (Fig.
4), compressing the grain of the strut in a perpendicular direction.

In view of the compressive strength of strut 1 in its effective section -parallel to its grain-, the
deformation of strut 8 -as a consequence of the compression- was greater than the deformation of strut
1. Therefore, as the compressive load increased, there was greater flexural deformation of strut 1 (Fig.
12(a)).
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Once the load reached 24.27 kN (Fig. 12(b)), the breakage of strut 1 occurred, due to a combination
of flexural forces and axial compression (art. 6.2.3 [1f]), at its mid-length joint with strut 8 in the change

of section, on a parallel plane to the effective section (Fig. 12(a)). The structural deformation in the
direction of the load was 5.20 mm.

' FORCE FORCE
| \L
o 1
FLEXHRAL COQMPRESSION
ZONE
COM;SEISES ON COMPRESSION

REAKAGE BREAKAGE

1 )

FORCE FORCE
End of test Schema of deformation/breakage

[ Grain direction
Fig. 12(a). Initial and final phase of the compression test and deformation/breakage diagram of the
horizontal/vertical node connector.

Start of test

30

N
v

R
4
N—r
§ 15
(@)
L 19

5

0

0 1 2 3 4 5 6 7
Deformation (mm)

Fig. 12(b). Compression test force/deformation of the horizontal/vertical Fig. 12(c). Fractured piece

node connector. under flexural compression.

SINGLE PIECE DIAGONAL NODE CONNECTORS

- ———

FORCE
Schema of deformation/breakage
[ Grain direction

Fig. 13(a). Initial and final phase of the compression test and deformation/breakage diagram of the single piece
diagonal node connectors.

Start of test (front and back) End of test (front and back)
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The compression applied to the diagonal struts 3 (Fig. 6) caused them to slide in the direction of
the longitudinal axis of strut 9 (Fig. 6), but in opposite directions; which, in addition to perpendicular
compression of the grain of the aforementioned struts, provoked the rotation of strut 8 (Fig. 6) with
respect to strut 9, which was the reason why strut 8 broke under perpendicular shear stress in the
direction of the grain at the mid-length joint with strut 9. The breakage was a consequence of different
strengths withstanding the rotational forces which strut 8 encountered in the aforementioned joint
between the continuous and discontinuous part of strut 9 (Fig. 13(a)).

The failure occurred under a load of 8.00 kN (Fig. 13(b)), due to breakage under shear stress
perpendicular to the direction of the grain (art. 6.1.8 [1d]) within the area of the change of section of
the mid-length cut-out of strut 8 (Fig. 13(a)), with a structural deformation of 11.83 mm, due to
compression in the direction of the load.

9
8

7

Force (kN)

Noow R 0@

i

o 2 4 6 8 10 12 14

Deformation (mm) ;
Fig. 13(b). Compression test force/deformation diagram of the single piece Fig. 13(c). Fractured piece
diagonal node connectors. under shear stress.

2-PIECE DIAGONAL NODE CONNECTORS

The interaction between each of the pieces that formed the joint in the compression test was similar
to the “single piece node connector”, in so far as, for the same reasons, strut 6 (Fig. 7) provoked rotation
in strut 5 (Fig. 7) with respect to strut 4 (Fig. 7); a rotational force that strut 5 wholly transferred to strut
7 -which formed part of the diagonal- (Fig. 7). The relative rotation of strut 7 compressed the end of
the node connector of strut 6 -with which it was joined mid-length to form the diagonal- against strut 4.
In turn, it meant that the end of strut 6 broke under parallel shear stress in the direction of the grain (art.
6.1.8 [1d]), as a consequence of the different strengths withstanding the rotation that the end of strut 6
encountered between the continuous and the discontinuous part of the aforementioned strut 4 (Fig.
14(a)).

The failure occurred under a load of 12.07 kN, with a structural deformation of 20.34 mm in the
direction of the load (Fig. 14(b)).

P

FORCE
Schema of deformation/breakage
[ Grain direction

Start of test (front and back) End of test (front and back)

Fig. 14(a). Initial and final phase of the compression test and deformation/breakage diagram of 2-piece
diagonal node connectors.
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14
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10

Force (kN)

Deformation (mm)
Fig. 14(b). Compression test force/deformation diagram of 2-piece Fig. 14(c). Fractured piece
diagonal node connectors. under shear stress.

5.1.3 Reinforcement of the node connectors to improve their strength performance under axial stress.

In the tests, the failure of the test specimens, among which the struts that were tested under
traction/compression, was not caused by breakage at the point of the least effective section of each strut
as a consequence of the aforementioned stress forces. Instead, the failure occurred due to shear stress
parallel to the grain or perpendicular traction in the direction of the grain (except in the compression
test of the “horizontal/vertical node connectors” that was produced by compression combined with
flexion -flexural compression-).

In that respect and considering that the direction of the grains in the struts was parallel to their
largest -longitudinal- dimension, there were cases where the stereotomy of the joint, under
traction/compression forces applied parallel to the grain of the strut that was tested, meant that the strut
broke earlier under shear stress parallel to the grain, or that one strut caused the breakage of others with
which it interacted, either under shear stress parallel to the grain or under traction perpendicular to the
grain.

This situation is due to the characteristic strength of the sawn wooden struts under parallel
traction/compression (Annex E, Table E1, strength class C27 [1c]) -fiox/fcox- that is 16 N/mm= 22
N/mm=respectively; 4/5.5 times greater than the characteristic shear strength -f, k- 4 N/mm=and 40/55
times greater than the characteristic strength under perpendicular traction -figox - 0.4 N/mm=2 At all
times, provided that the effective section under parallel shear/perpendicular traction remains below 4/40
times that of the section under parallel traction, and below 5/55 times that of the section under parallel
compression, both applied to the tests conducted on the three types of struts.

The breakage under shear stress could be avoided or, at least, could occur under a heavier load, if
the struts whose breakage occurred due to the aforementioned stress levels, had formed part of a real
structure with struts of greater length and, in consequence, a larger effective and therefore stronger
section that could better withstand shear failure.

In the specific case of the tests that were performed, avoiding breakage either under parallel shear
stress or under traction perpendicular to the grain, or ensuring that the failure under both stress forces
took place under a higher axial force, can be achieved by inserting cylindrical wooden beechwood
dowel pins of 8 mm in diameter, stuck with a polymeric wood glue with a maximum joining strength
of 4,000 psi (27,579 N/mm=f as per ASTM D-905.

REINFORCEMENT OF THE SINGLE PIECE NODE CONNECTOR TO IMPROVE ITS
STRENGTH PERFORMANCE UNDER TRACTIONAL AXIAL STRESS PARALLEL TO THE
GRAIN.

The hypothesis that dowel pins could improve the load-bearing strength was verified in one of the
tests, specifically, the traction test on the single piece diagonal node connector, because it had failed
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under tractional axial stress perpendicular to the grain.

The dowel pins were inserted perpendicularly to the possible planes of parallel shear stress (in
pieces 2a and 3) and traction perpendicular to the grain (in piece 3) at the points marked out below in
the following images (Fig. 15).

2a
2b 2b
(a) Pieces reinforced with dowel pins. (b) View of the assembled node. (c) View of the dismantled node.

Fig. 15. Reinforcement with dowel pins in the “single piece diagonal node connectors".

FORCE

FORCE
Schema of deformation/breakage
| Grain direction

Fig. 16(a). Initial and final phase of the traction test and deformation/breakage diagram of the single piece
diagonal node connector with reinforcement.

Start of test (front and back) End of test (front and back)

I
o0

=
o

g
IS

2 1.2
=
8 1
E 0.8
0.6
0.4
0.2
0
0 2 4 6 8 10 12 14
Deformation (mm)
Fig. 16(b). Traction test force/deformation diagram of the single piece Fig. 16(c). Detached piece

diagonal node connector with reinforcement under traction
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These dowel pins (marked with circles) prevented breakage under perpendicular traction
perpendicular to the grain in piece 2a -which occurred in the test that had previously been performed
on the single piece diagonal node connector-, and piece 3 broke under parallel shear stress, due to the
insertion of a dowel pin in a position perpendicular to the grain of the aforementioned piece. In fact,
instead of the failure of some node connectors under the tractional axial stress, the failure occurred
because the node connectors detached due to rotation (Fig. 16(a)) under a tractional force of 1.68 kN
(Fig.16(b)), 128% higher than the breakage that was caused without having reinforced the node
connectors with dowel pins (0.734 kN).

With the intention of avoiding detachment of the joint, an additional step was taken in the tests on
this single piece diagonal node connector and two holes were drilled in pieces 2a and 3 (marked with
squares) in which a 6mm beechwood dowel pin was inserted -not glued- that traversed and joined the
aforementioned pieces (Fig. 17).

I
i\é

2a

s
A

2a /
_ o 2b
i
(a) Pieces reinforced with dowel (b) View of assembled node (c) View of detached node
pins+dowel pins joining pieces. connectors. connectors.

Fig. 17. Reinforcement with dowel pins in single piece diagonal node connectors+dowel pin joining pieces.

In the test performed on this last version of the single-piece diagonal node connector, the axial
force that caused the failure of the node connector was 1.54 kN (Fig. 18(b)). The aforementioned
breakage occurred as a consequence of the dowel pin exerting a compressive force on the drill hole at
the end of piece 3, cracking it in a parallel direction to the grain and separating the two pieces (Fig.
18(a)).

FORCE

COMP

FORCE
Schema of deformation/breakage
[T Grain direction

Fig. 18(a). Initial and final phase of the traction test and deformation/breakage diagram of single piece node
connector with reinforcement+dowel pin joining pieces.
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Fig. 18(b). Traction test force/deformation diagram of the single piece Fig. 18(c¢). Fractured piece
diagonal node connector with reinforcement+dowel pin joining pieces. under traction.

Both tests clearly showed that the reinforcement of the single piece diagonal node connectors with
dowel pins to prevent collapse, either under traction perpendicular to the grain or under shear stress,
considerably improved their strength performance when withstanding tractional axial stress parallel to
the grain, modifying the failure mode (by 128% in the most favorable case, in which the failure of the
node connectors was not due to their breakage, but due to their detachment).

In so far as this hypothesis -that the reinforcement of the node connectors to prevent undesired
breakage due to low characteristic strengths could notably increase the traction force needed for node
collapse- was demonstrated, and given the similarity of the stereotomy of this joint with the 2-piece
diagonal node connectors under traction, the aforementioned hypothesis could be extended to those
node connectors. Nevertheless, the improvement of their strength performance was not quantitatively
evaluated.

6 Spatial module: type of active vector structure selected for evaluating the stress/strain exerted
on the struts that form the “Spatial Masterkey” joining system

6.1 Description of the spatial module

RS
ok \\[\ SR

j\'}\\(\\

N

S,
N
BASIC JOINT O { (J SIDE JOINT

Fig. 19. Adaptations of the “Spatial Masterkey” joining system between node connectors in the
“spaceframe module”.
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The spatial module to be built using the adaptations of the “complete” node connectors of the
“Spatial Masterkey” wood-wood joining system (Fig. 19 and 20), will be limited to a flexible
spaceframe module that can be dismantled, formed of small -50x50mm- pieces arranged in a cubic,
orthogonal, spatial grid of 800x800x800 mm repeated 6 times in the direction of the X and Y axes and
once in direction of the Z axis. The grid is complemented by diagonal struts in the 3 directions of the
spaceframe, in order to secure the assembly and to prevent the displacement of node connectors and
struts (seeking the concentration of the diagonal vertices within a minimum number of nodes, as doing
so facilitates the optimization of the resultant nodes).

It is a coplanar spaceframe composed of rectangular prisms with simple struts on all faces of the
prisms (active load-bearing vector structural system) [47].

(a) Diagram of the location of nodes. (b) Rendered image.

Fig. 20. “Spaceframe module”.

6.2 Evaluation of the stress/strain levels in the struts that form the structural spaceframe module
The software used to calculate the stress on the struts was Dlubal REFM 6 [48].

The criterion considered in Section 4 of this paper was followed when modeling the structural
spaceframe module in which the “Spatial Masterkey” joining system was developed, i.e., the forces
acting upon the structure will be applied to the nodes.

This hypothesis was corroborated after completing analytical tests of the stress state of the struts
with the software program [48]. So, regardless of the connections at the end of the struts -articulated
and embedded joints-, the loads applied to the nodes meant that the moments that appeared could be
considered insignificant (at least 100 times less than the stress due to axial forces -in the range of 0.01
kNm-). In that respect, it may be indicated that a value of 1 as the coefficient of rigidity of the joint was
introduced in the software program, considering that the nodes that formed the spaceframe were
articulated.

The considerations taken into account in the calculation of the stresses on the struts that formed
the spaceframe module were as follows:

a) Select the location of the structure to assign it one of the service classes as a function of the
envisaged environmental conditions (art. 2.2.2.2 [1g]). Service class 2 was chosen, considering
it to be a covered wooden structure, but with the possibility of being opened and exposed to
the exterior.

b) Select the wood for its construction. Given the heterogeneous nature of this material, the choice
of one type or another implies choosing a strength class (Annex C, Table C.1 [1b]), which will
influence the load-bearing capacity (Annex E Table E.1 (3)) of the struts that form the structure.
In this case, a sawn wood, Pinus sylvestris L. (Spain) was chosen, as mentioned in Section 3
of this paper.

c) Evaluate the loads in accordance with current regulations [49] and transfer them to the nodes.
These actions -permanent (dead load of the wooden structure) and variable (live load:
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0.4kN/m? uniform load and 1kN of occasional load, snow: 0.4kN/m? load, and wind:
0.52kN/m? dynamic pressure- must be grouped into simple hypotheses that will then be
combined with the corresponding coefficients, to form the combinations (art. 4.2.2 [50a]) of
the Ultimate Limit State (ULS) (art. 3.2.1 [50a]), thereby yielding the calculated axial
stress/strain levels. In that respect:

e The actions of an earthquake (art. 1.2.3. [51]), the basic seismic acceleration -ap- being less
than 0.04g.

e Live load was not considered among the other variable actions (Table 3.1[49]).
e It was considered that the structure could support a lightweight roof of 0.46kN/m?.

The following graphs (Fig. 21) only show the struts of the spaceframe with strain levels above
those tested in the physical tests performed on the corresponding struts (specifically some of the
diagonal struts subjected to axial traction).
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Fig. 21. Struts with strain levels above those evaluated in the physical tests.

It may also be recalled that the sections in use (both of the -50x50 mm- struts and the -8 mm
diameter- dowel pins and, consequently, the complementary parts of the nodes), even though quite
reduced, yielded results that satisfied the load-bearing requirements of most of the struts that formed
the structural spaceframe (all the struts subjected to compression and most of the struts subjected to
traction). An interesting piece of information is that the total length of the struts that formed the
spaceframe module was, approximately, 280 meters; such that the volume of wood employed for a
50x50 mm section was 0.70 m2,

In that respect, there was no doubt that the use of larger struts with larger effective sections, in
which reinforcing dowel pins of a larger diameter could, were it necessary, be inserted, would notably
improve the structural performance of the aforementioned struts. It would not only contribute greater
load-bearing capacity, but would yield better results than smaller sized struts, given that the impact on
the reduction of the effective section -due to the holes that have to be drilled in the struts for the insertion
of the aforementioned dowel pins- is less than in the smaller sized struts.
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7 Proposed uses for the “Spatial Masterkey” wood-wood joining system

Given that the effective section of the constituent parts of the “Spatial Masterkey” joining system
and its adaptations is considerably smaller as a consequence of the machining of each node connector
for the assembly of the joint, that sort of joint will therefore have a lower load-bearing capacity. It was
therefore concluded, in view of the laboratory test results, that the type of use of the aforementioned
node could be valid in structural joints with active load-bearing vectors [47] and low stress levels-loads
applied to the nodes- and medium spans, such as fagdes and non-transitable roofs.

8 Conclusions

Digital manufacturing in architecture has led to the revival of carpentry joints, assembly techniques
that fell into disuse as a result of the use of metal fasteners to join pieces together. The industrialization
and the mass customization of these traditional joining techniques can now be achieved with
CAD/CAM technology applied to wood, making their use highly competitive (speed of machining
complex geometries, greater cutting precision and uniformity in the products produced) and
environmentally friendly, in so far as the use of metal in the joints is avoided.

Based on this technology, a spatial wood-wood joining system called “Spatial Masterkey” [17] has
been developed, with the added bonus that its design and manufacture are adapted to the production
parameters of a 3-axis CNC milling machine, with the sole purpose of “democratizing” the
manufacturing of the parts that make up this joining system. This type of machine is very simple, low
cost and easy to handle, which means that it can be widely used for many applications.

In this paper, the development in terms of design and manufacturing of the “Spatial Masterkey”
joining system has been completed, by evaluating its strength capacity through experimental tests at
laboratory scale.

A structural calculation was performed based on the “Spatial Masterkey” joining system to obtain
the stresses of the bars in a lightweight roof solution, accessible for maintenance work, and the results
were compared with the results of the tests on the bar joints. As those joints form a lattice with loads
applied at the nodes, they only work under axial tensile and compression stresses.

The results of the experimental tests on the horizontal/vertical bar node, both under tension and
compression, yielded satisfactory results with stress values higher than 8.50 kN before failure. As for
the tests on the diagonal bars, the compression tests also showed a favorable result with values of the
stresses close to 8.00 kN; on the other hand, the tensile tests presented low results at 0.734 kN, because,
when tensile stresses run parallel to the fibers, some bars break, as shown in certain graphs.

The use of doweling was proposed to avoid joint failure, which improved the resistant capacity of
the pieces by 128%, although that value was still below the necessary values. Hence, the proposal to
analyze other improvement options as a future line of research, such as the use of larger sections, and
other materials.

The small size of the bars must be taken into account, with sections of 50x50 mm:; although, with
the exception of the tensile diagonals, all the other pieces met the requirements established in the
Spanish Technical Building Code for lightweight roof solutions.

Based on the above, it was estimated that the range of use of the “Spatial Masterkey” joining
system with very small sections was suitable for structural solutions with low loads, and loads applied
at nodes and medium spans, such as non-transitable fagdes and roofs.

9 Future line of investigation

As future lines of research, optimization strategies will be proposed to improve the capability of
the "Spatial Masterkey" joining system to withstand axial forces -especially traction- the use of larger
sections of struts and dowels, as well as the use of wood products, such as plywood -consisting of a
board with an odd number of glued sheets arranged so that the fiber of one sheet is perpendicular to the
next. It is characterized as a material with similar mechanical properties in all directions of the plane of
the board [52]-, whose resistance to axial forces is greater than that of sawn wood precisely because of
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the arrangement of the plywood sheets that limits any stress-related breakages due to low resistance
(shear parallel to the fiber and traction perpendicular to the fiber).
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