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Abstract
This paper discusses the possibility of designing a pin joint that is also easy to fasten in position 
in order to support the stresses of a conventional and not lightweight structure. It is believed 

can be folded, transported, deployed and assembled. The model is produced by means of a 
process that goes from geometric functional design of the joint to validation of its structural 

-
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1. Introduction

transportable structural system to be implemented in areas of Latin America, where technology 
is concentrated around large cities but where there is a great need to create new infrastructure 
in areas relatively far from development poles, where there are no facilities to implement modern 
building systems.

1.1        Using tubular systems

The systematic development of tubular structural systems in buildings started in the Master’s thesis 

Institute of Technology, Chicago.  That thesis proposed three types of tube structure: variable irreg-

Fazlur Rhaman Khan paid greater attention to the development of the mega-truss system, while 
the other two systems proposed have been developed more recently, since construction technol-
ogy has allowed it and since the need to achieve taller buildings with more complex volumes has 

1.2        The Diagrid system

The Diagrid system consists of a tubular structure composed solely of diagonal bars that are capa-
-

uration, together with the rigidity of the slabs, allows axial behaviour of the forces in the bars, which 

architectural elements. Since the beginning of the 21st century, architect Norman Foster and ARUP 
have used the Diagrid concept in their designs1 (Boake, 2013) and it has started to become used 
more frequently to resolve high-rise building structures.

1.3        The Hexagrid system

Operating in antithesis to the mainstream2  (HTA Association, 2007), the development of an archi-
tectural language based on hexagons has gathered momentum over time in a non-linear yet con-

in Montreal or the contemporary Islamic architecture of Zvi Hecker with Alfred Neumann. One of 
the major reasons for using hexagonal frames in architecture is based on verifying the honeycomb 
conjecture, which was mathematically demonstrated at the end of the twentieth century. The con-
jecture states that a regular hexagonal grid is the best way to divide a surface into regions of equal 
area with the least total perimeter (Hales, 1999). 

The HTA Association hypothesised that a tube structural system might be developed based on 
hexagonal modular frames that are rigid enough to be considered viable for use in the construc-
tion of building structures. This system was called honeycomb tube. The honeycomb tube system 
demonstrated as a way of designing and building at all scales is explained, from planning to possible 
application, in three informative books .
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1.4        Foldability of structural frames

The idea of packaging complete sections of structure to reduce their volume is nothing new. In fact, 
for lightweight structures there are several solutions based on bars that can be folded for transport 
and then deployed and placed in situ (Escrig, 2013).

Although there are certain types of structural framework with the capacity to stabilise their posi-
tion of use, normally at the cost of subjecting their elements to great stresses during the deploy-
ment process (Franco, 2010), which can even lead to deformation of the structure, such as the 
experimental developments of Bricard linkages (Chen, 2003), the majority of frames need elements 
to be added in order to stabilise their shape and behaviour as a structure, either in the form of 

often requires complex designs that adapt to the scale, building possibilities and stresses that the 
structure will have to support. In the search for pin joints that can be stable in their position of use, 
we have looked at joint patents at different scales, ranging from camera tripods6  to the design of 
lightweight structures7 8 9.

2. Description of the structure to be resolved

Within a set of previously developed and analysed multi-storey building models, ranging from four 

sample. This square-based building has a volume contained in a parallelepiped, the dimensions of 

tubes, which spreads the load distribution between the perimeter structure and a core. The perim-
eter tubular system is made up of four surfaces identical in their geometry and the load distribution 
means that each face is subject to equivalent stresses, with behaviour and deformation that can be 

number 14, corresponding to the intersection of bars 11, 12 and 17, was chosen as a reference.  

receiving three bars, it is this joint in which the greatest amount of stress is concentrated (Figure 
1 and Figure 2).

-

work for structures subject to bending and compression.

3. Frame folding method

        With a Hexagrid we are looking for a packaging system that, by taking advantage of the vacuum 
that exists between bars, reduces the volume of the frame as much as possible, with the intention of 
being able to transport sections of frame as large as possible, reducing and simplifying the assembly 
work required on the building site (Figure 3 and Figure 4).
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Figure 1. 

Bars 11, 12 and 17 stress diagram (N/mm2 S11 Max/Min. 

UDSTL7)

Figure 3. 

Figure 2. 

Joint no. 14. Intersection of bars 11, 12 and 17

Figure 4. 

Hexagrid building structure, axonometric
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Figure 5. 

Conceptual folding of the system, plan view

Figure 6. 

Conceptual folding of the system, elevation view

Figure 7. 

Conceptual folding of the system, axonometric
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3.1        The folding system

hexagons, each side of which has the same L dimension. The intention of the folding system is that 
by rotating each articulation connecting the three arms that make up the joint with their respective 

-

a measurement similar to L. To validate the folding method, it must be possible to return to the 

4. Joint design conditions and limitations

In order to meet the expectations of the mechanism/structure duality, the design of a hybrid joint 
with the following characteristics is required:

of the system.

and that connections with bars will be done using bolts.

4.1        Scope of the design

Three types of joints are required to assemble the Hexagrid frame:
A: a joint that receives three equal bars, one along each arm, forming an angle of 120 degrees be-
tween any bar and its adjacent bar.
B: a joint connecting the structure to the foundations.
C: a joint at the edge of the structural frame that receives two bars and connects the frame with 
its adjacent frame at the corners.
This article will look at joint type A, since types B and C may be considered designs derived from 
the original model.

5. Designing the joint type A

The design methodology applied corresponds to linear and delimited phases. A more in-depth de-
scription of the design phases is explained below.

5.1        Geometric and functional design

From the dimensions taken from the building model, a series of joint models are made that evolve 
to a level that meets the proposed conditions. Each piece of the model takes a section thickness 
within the range of 80% to 120% of the section thickness of the bars. In order to look at the joint 

model are noted for correction.
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Figure 8. 

of section thicknesses

Figure 9. 

applied

Figure 10. 

Location of force application points in joint type

Figure 11. 

Diagram of force application groups explained in 

colour

Table 1. 

models

Table 2. 

Colours of force application groups per bar
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model that can be made in design10 software and entered into the interface of the structural anal-
ysis software11

thickness. In order to facilitate the application of section thickness properties, different layers cor-

5.3        Force application area

around the holes through which the joint parts would be connected to the bars via pins (Table 2). 

10 Figure 11).

5.4        Obtaining forces

From the previous analysis of the overall building model, numerical stress data is obtained for nine 
load cases corresponding to bars 11, 12 and 17 in the joint from the building model (Table 3).

Table 3. 

Resisted forces in joint type, extracted 

from the building model
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Table 4. 

Forces applicable (FApl) to joint type 

model

Table 5. 

Point forces applicable (FApl.point) to 

joint type model
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5.5      Transforming forces into applicable joint loads

In order to be able to apply the forces extracted from the building model to the joint model, resist-
ed forces (F1, F2, F3, M1, M2 and M3) need to be transformed into applicable point forces (F1A, F2A, 
F3A; F1B, F2B and F3B).  Moments (M1, M2 and M3) are transformed by simple geometric processes 
into applied forces, with a characteristic direction and sign. Once the magnitudes equivalent to the 
moments are obtained, they are added vectorially where they correspond to the magnitudes of 

5.6      Calculation and analysis of model type A

Once the mechanical properties, forces and support conditions of the model have been applied, 
it is analysed using Sap2000 V.20 software. A static linear calculation is performed for each of the 
load cases applied.  The parameters analysed are: maximum absolute Von Mises stresses and defor-
mations.

5.7     Support conditions and application of loads

-

are applied to bar 11(Table 6).

5.8       Von Mises analysis

concentrated which may jeopardise the stability of the parts, and to make the respective geometric 
amendments to counteract the tendencies observed. Knowing that the nominal yield strength (fy) 

2, the stress analysis is done graphically with a range between 100 
n/mm2 2  (Table 7).

5.9       Deformation analysis

The deformation analysis seeks to ensure that the displacement of the joint arms does not affect 
the correct functioning of the general structure to which they belong (Table 8 and Figure 12).

6. Description of the joint type A model

The result of the design process resolves the articulations of the bars forming the joint in such a 
way that the joint has radial symmetry and bilateral symmetry.
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Figure 12. 

Maximum resulting deformation UDSTL10 model type / 

12-17 (mm)

Table 8. 

Maximum deformation joint type / 12-17

Table 6. 

Joint type model with supports and applied forces for Von Mises stress and deformation analysis

Figure 14. 

Type A part, elevation view

Figure 13. 

Type A part, plan view
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Table 7. 

Maximum absolute SVM stress analysis (n/mm2)

Figure 15. 

Type A part, axonometric
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6.1        Type A part

The core of the part is three steel plates welded together to form an equilateral triangle. This tri-
angle has three symmetrical arms, each made up of two steel plates with three pairs of holes that 
help, through bolts and pins, to connect the bars to the parts of the joint (Figure 13, Figure 14 and 

6.2        Type B part

The part comprises a large steel plate, the shape of which resembles a triangle that covers and goes 
beyond the surface of the type A part and appendages, of the same material and thickness, symmet-
rically located on each of the arms of the joint (Figure 16, Figure 17 and Figure 18).

-
tion and length with the holes of the type A part and extend longitudinally beyond the limits of the 

screws screwed under pressure. In addition, each arm of the joint includes a pin in the pair of holes 
furthest from the centre, which acts as a pivot to allow the necessary rotation of the bars (Figure 
19 and Figure 20).

7. Application of the folding system

The foldability of the system is achieved by creating an articulation in each of the three arms thanks 
to a pin allowing each of the bars to be rotated. Releasing the free type B part makes it possible for 
the bars to rotate 900, going from a vertical position (folded) to a horizontal position (deployed). 
The type B part is then repositioned and secured (Figure 21, Figure 22, Figure 23 and Figure 24).

8. Conclusion

 
be easier to prefabricate and transport.

-
anism is subordinate to its structural functioning, so that the joint must be capable of supporting  

 

 
they have dual purpose, hence the choice of the position of the pins to achieve articulation, or  
the shape of the type B part, which serves to stop the joint moving during transport.

 
as we are seeking a joint that is representative due to concentration of forces, but at the same  
time avoids elevating the complexity of the model by introducing shear forces to the joint.

 
is below 30% of the allowable stress, and that the concentration of stress is centred on the angle  
formed by the joint arms.

 
be taken as a trend rather than an absolute value.
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which this joint belongs.

 
understand the plastic behaviour of the parts in greater depth.

 
stresses from the bars have magnitudes that allow them to be distributed among the least number 
of bolts possible, which means that the system works best for low buildings with less load.

Notes

See London City Hall (2002), Swiss Re (2001-2003) and Hearst Tower (2003-2006).

dominant trend. However, looking back upon it now, we might perhaps say that these designs have 
always played the role of posing an antithesis to the main current”.

(3) “Honeycomb Tube Architecture: The spatial potentialities of hexagons” (2007).

(4) “Honeycomb Dynamics Architecture” (2008).

(6) Locking Means for tripods (TORR., 1917).

(7) Hub Assembly for Collapsible Structure (Beaulieu, 1986).

(8) Tent System Employing an Improved Spider Hub and Associated Frame Structure and Method
of Compacting the Frame for Reduced Storage Size (Samuel, 2018).

(9) Self-locking joint for folding structures (Pérez Valcárcel, et al., 2018).

(10) Autodesk AutoCAD 2017.

(11) In this case, SAP2000 V.19 software has been chosen. 
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Figure 16. 

Type B part, plan view
Figure 17. 

Type B part, elevation view

Figure 18. 

Type B part, axonometric

Figure 19. 

Joint with bars folded, axonometric       

Figure 20. 

Joint with bars deployed, axonometric
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Figure 21. 

Folding process 1, axonometric

Figure 22. 

Folding process 2, axonometric

Figure 23. 

Folding process 3, axonometric

Figure 24. 

Bar deployment process, axonometric
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