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Abstract  
 

This project aims to characterize the strength capacity and stiffness of four unique integral 

mechanical attachment joints in monotonic tensile loading. The four joints were specially 

designed and fabricated using CNC fabrication techniques for their deigned use in 

modular house construction. The strength and stiffness characteristic testing of the joints 

was done to reduce the flexibility and uplift of a shear wall in the Wikihouse skylark 250. 

Where the shear walls are composed of hollow structural beam and column element 

members, which are connected with integral mechanical attachment joints. The joints 

were identified as the limiting building structural element in the rigidity of the system. The 

current connection joints have not been thoroughly investigated or optimized. The project 

took a four-stage approach to model, fabricate, test, and analyse the integral mechanical 

attachments designed as the solution to increase rigidity. 

The results prove that two new designs can improve the stiffness of the structure. The 

strength improvement of 38% and 41% was identified, however only one joint, the triple 

bowtie, has a greater stiffness capability at an 48% increase. The dowel and bowtie joints 

are the most promising joints to replace the current plywood peg joint, where both joints 

exceed the strength capacity and have improved stiffness. The dowel joint independently 

is the stiffest joint, although the testing encountered irregular failure due to rotation and 

slippage, thus not causing fracture and therefore not achieving the full strength of the 

joint. Moreover, the system of construction of the dowel limits its capacity and stiffness 

further by taking the minimum strength and capacity between the dowel joint and its 

supporting system. With the priority of the project to characterize joints for improvement 

of modular construction, the results presented provide support towards the national 

standardization of integral joint attachments in timber construction methods. 
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1 Introduction 
The introductory chapter describes the projects area of study, objectives, scope, 

limitations, the reports’ structure, and the ethical considerations taken in the study.   

1.1 Subject of study 
This research into the structural characteristics of plywood integral connections for 

modular housing was conducted at the University of Strathclyde as research and 

development for the Open Systems Laboratories Wikihouse team. The study into the 

strength and stiffness parameters of integral mechanical plywood joint connection is to 

improve or replace the current shear bowtie and peg joint connections currently being 

used in the Wikihouse structural plywood shear wall elements. With the old and new 

integral mechanical attachment joints shown in Figure 1. 

 

Figure 1: Current and proposed joint connections 

The aim of the study was to conduct tensile testing on four joint connections to improve 

the overall stiffness and uplift capacity of the shear walls used in the skylark design. With 

the results and observations from this study being used to improve the design and variety 

of mechanical joints that can be used in timber construction. 

In the current engineering design standards, there are no design standards or 

recommendations related to utilizing integral joint mechanisms. As such, the secondary 

objective of producing additional data on the tensile characteristics of integral joint 

systems to improve and guide future studies. 

The connections were digitally modelled using Wikihouse’ specifications, which were then 

fabricated for construction in the laboratory with the University of Strathclyde’s, with the 

Universities CNC machine. Once assembled, tensile testing was conducted using a 
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universal testing machine. Results were collected and processed for structural analyses 

of failure modes, and a statistical analyses of the samples tested. This testing and 

analyses was then used to form the basis of conclusions regarding the perspective joints’ 

structural properties with recommendations for future testing and modelling of integral 

joint systems in modular timber construction. 

Finally, this project report is structured in accordance with the British standards (BS) 

timber test report standard breakdowns in BS EN 1380-2009, this is to set a precedent in 

testing of the new joint mechanisms whilst also meeting the requirements of the current 

testing methodology in place within the standards of design and quality checking.  

1.2  Objectives of the research 
The following objectives were set out for this thesis: 

• Review past work done on timber joints in modular construction. 

• Fabricate four new joint mechanisms. 

• Test the maximum tensile load bearing capacity of the joint mechanisms.  

• Analyse the joint systems at max tensile loading to characterize the joint stress 
capacity. 

• Analyse the mechanical failure modes of the joints tested. 

• Assess the statistical distribution of the results. 

• Identify formula for the mechanical failure modes, to be used in design of the joint 
mechanisms. 

 

1.3  Scope and Limitations and assumptions  
The research aims to define the strength and stiffness parameters that the four integral 

mechanical joints can sustain before failure or fracture in monotonic loading. The results 

will determine what parameters can be used when designing to the British standards. The 

project is split into four stages, 3D modelling; fabrication and construction; tensile load 

testing and the analyses of results. Where within the stages, the research will be done 

with the following scope and limitations: 

Within the Fabrication & Test Preparation: 

Scope: 

• All boards are made of Finnish spruce plywood, supplied by MetsaWood, which 

are all manufactured to BS EN 338:2009 standards and have a declaration of 

performance certificate, which meets the design requirements for timbers 

moisture, density, depth consistency and other characteristic parameters. 

Limitations of the CNC machine: 

• CNC machine was limited to boards of a maximum of 1250mm x 620mm, thereby 

restricting the size of boards placed into the CNC machine, which slowed 

construction to a single panel fabrication per cutting procedure. 

• Geometric and material imperfections in the boards will not be considered.  

Limitations within the Tensile loading: 
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• The tensile machine rig and frame used in testing has a max force limitation of 
25KN and a max test capability of 24.5KN. 

• The tensile machine rig and frame have a max length limitation of 1500mm. 

• Steel Clamp grips have a max force of 52KN if all 52 pin bolts are used. 

1.4  Layout of report 

This report is composed of 5 chapters with various subsections as described here: 

• Chapter 1: The Introduction, this chapter introduces the area of study, objectives, 

scope, and report layout, with a brief note on ethics and safety considerations.  

• Chapter 2: The Literature review, introduces the reader to the history of timber as 

a structural material with notes on the research that has been conducted up until 

now and where timber and modular construction has potential for innovation and 

improvements, finishing with the experimental setup and design used in the 

project. 

• Chapter 3: The Methodology, presents the project methodology in two subsections 

of the project’s fabrication and testing procedures. Where the design 

considerations are defined with a description of the process of development and 

testing for the data collection. 

• Chapter 4: The results, analysis, and discussion: this chapter presents the test 

results, the process of critical analysis and discusses in the maximum force 

potential, failure mechanics and statistic distribution of results. 

• Chapter 5: The conclusion and recommendations, which presents the conclusions 

and future study recommendations. 

1.5  Ethical considerations for research 

Since the investigation has been conducted with no human subjects and no human 

subject’s opinions or ideas will be used for results, this research will not impact or 

influence any third parties. Furthermore, since the research will collect laboratory results 

and analytical methods will be used to process the collected data, the research data will 

stand as primary scientific material which will go towards further research in the 

application of timber joints in timber and modular construction.  The research is aimed at 

improving the methods and application of modular timber construction that for housing 

and industrial use.  Whereby, the integral mechanical joints tested could help reduce 

costs, encourage sustainable design with timber, and improve working environments for 

the construction of modular structure.  
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2 Literature Review 
This research into the literature was conducted to highlight the use of timber in structural 

engineering, with a focus in the growing industry of modular construction and 

prefabrication. The study will investigate the use of joint mechanisms which operate to 

link and transfer forces from one structural element to another. This focus of research 

was done to assess what joint systems and mechanisms have been researched, and 

used in the construction industry, with a focus in timber construction methods. With the 

reviews conclusion pointing towards a need for advancements in the use and design of 

integral mechanical timber joints for the design standards.  

2.1   Off-site, modular & panelised timber construction 
With a largely increasing need for suitable and affordable housing in 1st and 3rd world 

countries due to wars, famine, and economic opportunities causing urbanization and large 

human migration, as it was recorded that 68.5 million people were relocated in 2017 

worldwide (Onay, 2019) and this continues to grow. Off-site modular, and panelised 

construction methods are solutions known as modern methods of construction (MMC), 

which use design principles of efficiency in assembly to construct buildings or structural 

elements off-site as prefabricated or premade systems. Modular buildings are fully factory 

built houses or apartments (Boyd, Khalfan and Maqsood, 2013), which are transported to 

site upon completion of the manufacturing process. Panelised systems comparatively are 

off-site fabricated structural framing pieces (Boyd, Khalfan and Maqsood, 2013) that are 

assembled into the desired design system on site. From Duncheva and Bradley’s (2019) 

perspective research, MMC systems have been “suggested as a necessity for improving 

the efficiency and productivity of the construction industry”, with their perspective 

improvement in automation and improvements to material quality from factory controlled 

environments. 

MMC aims to improve the speed and quality of modern buildings, where there are 

numerous advantages against conventional on-site and labour-intensive construction 

methods. MMC have 50-60% shorter build times, superior quality of material due factory 

controls, lower weight and more efficient designs with reduced wasted material, whilst 

also being more environmentally friendly due to lower waste, lower processing and less 

equipment requirements (Rogan, Lawson and Bates-Brkljac, 2000;Granello, Reynolds 

and Prest, 2022), amongst many more positive impacts. Therefore, MMC housing 

solutions provide an innovative solution whilst also confronting sustainable and 

environmental design challenges. With conventional methods of prefabrication focused 

on precast concrete, the use of timber and steel in prefabrication for panelised and light 

structures has made a resurgence in the prefabrication area of the industry due to 

sustainability in designing with these materials. 

With timber being reintroduced as a material for prefabrication and off-site manufacturing, 

the sustainability and reduction of waste perspectives highly influence its use as a design 

material. The use of timber structures, contribute to permanent carbon capture and 

storage systems where between 12 and 107 kg/m2 (De Araujo et al., 2020) can be stored 

depending on the timber used and the manufactured elements. As the British standards 

recognize 3 timber products of laminated panels, particleboards and fibreboards, the 

structural elements come in from the laminated panel products in the form of Plywood, 

Figure  SEQ Figure \* ARABIC 1 Site boundary and connection point 
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Glue laminated timber, Cross laminated timber, and laminated veneered lumber (Cobb, 

2009). These timber elements have design standards as individual elements and or 

building partitions in the construction standards, although timber framed structures 

utilizing smaller structural timber elements are gaining interest for modular housing, with 

new innovations like Mass plywood panels (MMP) being produced and the products 

connections tested by Miyamoto et al. (2020) in the USA.  

2.2 Wikihouse skylark design 
Within the growing industry of MMC, Wikihouse is a UK design company started in 2014, 

which is creating modular housing solutions that can be easily implemented in a range of 

countries and environments with an open-source product which utilizes commonly 

sourced materials and simple design and construction principles for easily-to-build 

structures that provide basic to well managed spaces for housing or commercial use. The 

modular construction project utilizes plywood as the material for the structural elements 

manufactured with CNC machines and constructed on site. 

The Wikihouse modular building system, uses prefabricated timber plates to assemble 

buildings out of hollow beams and columns. The Wikihouse overall construction plan from 

conception to construction, uses a structural process similar to a panelised MMC, where 

structural elements are fabricated in the factory and later assembled on site. For a 

structural engineer or architect, the process of design from digital modelling, through 

administrative calculation checks, manufacturing and assembly is displayed in Figure 2, 

all steps made easy and accessible via open-source sharing, collective knowledge 

sharing and design and manufacturing support. With the system, Wikihouse projects can 

be built internationally, with the appropriate local design standards being met and 

certified. 

 

Figure 2: Wikihouse process from design to completion of structure (Wikihouse, 2022) 

The first Wikihouse system designs were made initially for unique structures, the current 

direction of the Wikihouse project is to have a standardized design system called the 

Skylark (Granello, Reynolds and Prest, 2022), as model versions 200 and 250. In 2020 

the Skylar system was developed, with large- and small-scale structural testing done by 

the University of Edinburgh and Open system labs testing the joints, full beams elements, 

full column elements and the shear walls, all of which make up the main buildings 

structural frame. Further inhouse testing of beam, column and joint systems is ongoing to 

optimize the efficiency and strength of the structural systems. Whilst a full model house 

was constructed in March of 2022 in the Lake district, United Kingdom, for observation 
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and occupation. Amongst unique structures in South Yorkshire and Warwickshire, UK; 

the Netherlands, and Scotland.  

With Plywood and OSP the main chosen construction materials of the Wikihouse projects, 

this is because of the materials ease of manufacturing, existing market value, easily 

available internationally and affordable to alter through means of CNC fabrication 

techniques. Plywood is defined as a composite timber material made up of veneers 

bonded together so that the adjacent plies have the grain running in orthogonal directions 

(Cobb, 2009). Plywood having been extensively used for its low weight to high bending 

strength has been used in airplanes, housing, and goods delivery, however, has seen low 

use as a standalone structural element and is generally used as cladding and wall 

partitions. Plywood as a construction material must still meet high material standards as 

a manufactured product due to the high potential factor loads experienced in housing and 

commercial buildings, the material must meet local structural design standards. In the 

British Standards, all factory produced plywood must come with a declaration of 

performance certificate which provides the strength characteristics, moisture content, 

density, adhesives used, fire resistance and other variables, which impact how the timber 

elements react under stress. These characteristics must meet the design standard 

properties nationally accepted in BS EN 338:2009.  

2.3 Integral mechanical attachment joints 
Timber to timber connection are often constructed by using one of three mechanisms, 

adhesive bonding, mechanical fasteners or integral mechanical attachments (Tannert, 

2016). With timber structures having commonly been joined and connected by steel 

mechanical fasteners such as nails and screws, with some in combination with steel 

plates. These joints have had extensive research done on them with British standards of 

design requirements in BS EN 8970; 1383 and 26891. Recent work by Zarnani and 

Quenneville (2014) was done on the predictions and testing of tensile shear capacity of 

nails and screws producing yielding strengths of 2.3 kN and max strengths of 3.2 kN for 

4mm diameter 30mm deep steel fasteners. These joints in collective groups can provide 

sufficient structural support at connections. Although in the perspective of a prefabricated 

modular design, with the ability to carefully shape the system to work and interlock, the 

most commonly adopted strategy for timber consists of developing integral timber to 

timber connections, which are also known as integral mechanical attachments (Granello, 

Reynolds and Prest, 2022).  

The connections are not totally unique or new, for centuries carpenters have used integral 

mechanical attachment joints for clean and unique finishes within furniture and other small 

structural systems. However, the use of these attachments in larger structures has 

become of renewed interest with growing research and testing in integral mechanical 

attachments. Testing by Chang et al. (2011) on the use of solid oak pegs as a dowel joint 

mechanism in tensile loading through 18mm plywood boards identified the shear wedge 

failure mode and an average stiffness of 7.01 kN/mm within timber peg joints. Whilst more 

comprehensive research compiled by Rad et al. (2019) on the structural performance of 

integral mechanical attachment joints set the precedent for the capabilities of integral 

joints in larger timber structure and influenced the Wikihouse integral mechanical 

attachment bowtie and peg joints currently used. These systems have been of growing 
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interest in the timber industry. With Wikihouse using this technique to optimize the 

material fabrication process and construction process, whilst reducing overall material 

requirements. Within the technical team of Wikihouse, experimental testing was done on 

two unique easy to install integral mechanical joints, the shear bowtie, and a peg joint. 

The bowtie was designed for connecting the shear walls whilst the peg was designed for 

the beam-column end connections. These connection systems are heavily influenced by 

the parameters of material type, fibre orientation, tab insert angles (Gamerro, Bocquet 

and Weinand, 2020). From the testing Wikihouse characterized the bowtie joint and a 

long peg mechanism Strength and stiffness capacity and are presented in Figure 3 and 

Figure 4, which are taken from the skylark structural engineers guide to design.  

 

 

Figure 3: Current peg characteristic strength and stiffness (Wikihouse, 2022) 

The peg joints are capable of withstanding 26.3 kN of lateral load when parallel to the 

grain and have a stiffness of 8.1 kN/mm. This characterises each individual acting peg, 

but further design factors considerations are required when a multitude of pegs hold a 

shear wall down. 

 

Figure 4: Bowtie current tensile characteristic strength and stiffness (Wikihouse, 2022) 

The bowtie joints are capable of withstanding 8.84 kN of lateral load when parallel to the 

grain and have a stiffness of 1.47 kN/mm. This characterises each individual acting 

bowtie, but further design factors considerations are required when a multitude of bowties 

used in connecting the shear walls. 
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2.4 Research need and Experimental test setup 
From testing and observation, the Wikihouse team identified 3 limitations to the current 

design: 1) Flexibility of the walls, 2) Sheet optimization, 3) Model for calculating of the 

beam load capacity. With the Flexibility of walls being the most crucial area to improve 

the overall structure. The joint connections contributing as the limiting factor to the shear 

wall flexibility, improvement and further testing was required in the hold down 

connections. The flexibility in the shear wall caused instability to wind and lateral loading, 

inducing uplift and flexing. With the improvement of the joints, the walls could sustain 

higher load capacity, increase windows and opening, or use less bracing materials in 

other areas. 

The area of joint mechanisms had barely been explored for the skylark design and thus 

potential for innovation in the geometry, angle, grain orientation and construction of the 

joints could collectively impact the overall improvements of stiffness. Thus, using basic 

material construction mechanics, new shapes for testing were identified and presented 

for further research opportunities. With a higher goal of the study to fill a research gap by 

investigating an alternative hold down connection that could help in the growth of integral 

mechanical attachments used by providing structural testing results and observations. 

Therefore, the brief for the study is defined as the aim of improving the stiffness of shear 

walls of the skylark system. The joint systems were reassessed, and new integral joints 

were decided upon. These systems where design to work both separately and in 

combinations depending on the location of the joint in the structural system.  

  

Figure 5: Integral Mechanical joints chosen for testing 

 

 

 

A    B     C   D 
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Four integral joint mechanisms were decided upon for testing to identify which joint and 

system of joints would improve the stiffness and strength of the shear wall panels. The 

four joint mechanisms are illustrated in   

Figure 5: described as a) Single Bowtie Joint (SBowtie), b) Triple Bowtie Joint (3xBowtie), 

c) Dowel Joint, and d) Cross Joint. The four mechanisms were chosen based off two 

different construction strategies, which will be explained in this section. With two 

assembly systems, the first only utilising the bowtie joint with one, two or three joints, in 

both horizontal and vertical connections between panels. The second assembly system 

utilizes the dowel and Cross joints together to link the panels.  

2.5 3D Modelling the joint systems  
The bowtie system utilizes one, two, or three bowties to link the panels in a single plane 

with no panel overlap, see Figure 6 & Figure 7. The joint is proposed to be used in both 

the mid column connections and the end connections and in both horizontal and vertical 

orientation to act for both uplift prevention and against shear forces. Similarly designed 

shear bowties are already used in the system, yielding tested characteristics of Nr = 8.84 

kN axial force capacity and a Ka = 1.47 kN/mm Axial slip modulus (Wikihouse, 2022). The 

bowtie system works on a clean single panel plane with the panel elements utilizing lock 

segment areas along the internal bowtie area to resist the induced loads.  

Whereas the Dowel and Cross joint system of connection utilises an overlapping of an 

internal panel against 2 external main panels, whereby the dowel and cross joint work 

together to connect the 3-panel system. The system is primarily aimed towards vertical 

connections throughout the shear walls, as seen in Figure 8, Figure 9, Figure 10 and 

Figure 11. The combination of the two integral joint mechanisms will take a worst-case 

scenario of strength as the limiting factor, where the limit-state design principles will be 

recommended. This will dictate the maximum strength and stiffness capabilities of the 

joint. Whilst the stiffness and overall strength will be calculated from the average of the 

two integral joints.  

 

 
Figure 6: System one mid column link orientation 

 
Figure 7: System one end column link orientation 
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Figure 8: System 2 mid column connection deconstructed 

 
Figure 9: System 2 dowel and Cross joint view 

 
Figure 10: System 2 base connection 

 
Figure 11: System 2 mid span connection  

 

 

Figure 12: Spruce plywood grain orientation (Wikihouse, 2022) 
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3 Project Methodology  
This chapter discusses the methods used to conduct the projects laboratory tests and 

analyse the data collected. With three sections, the Test machinery and equipment, the 

test panels design, and the fabrication and laboratory test procedures used. This chapter 

describes the process of design, construction, and testing.  

3.1  Test machinery and equipment 
The project involved the digital modelling, construction and testing of the test panels, the 

university of Strathclyde provided equipment for these stages of the project. A Ooznest 

Workbee Z1 3-axis CNC machine was used to machine the digitally modelled panels and 

joints, where all the panels were cut using this device. The CNC machine size limited the 

panel overall length and width to 1205 x 610mm, however this did not affect the panel 

design or fabrication.  

The tensile load testing was prepared for a Model 25ST Tinius Olsen Universal testing 

machine (UTM). The 25ST UTM test rig is capable of inducing 25kN of Force in both 

compression and tensile loading scenarios. With a limiting sample height of 1200mm for 

test samples. The test panels were designed at a maximum length of 760mm. This can 

be seen in Figure 14 to Figure 15. The limiting of the length allowed for the panel grip, 

totalling 100mm extension either side, to be attached and for the testing to have the 

capability of a minimum of 50mm of vertical displacement in the loading scenarios. The 

loading was conducted using a monotonic displacement control loading protocol at a 

loading rate of 3mm/min. The UTM rig had an extensometer gauge which was used to 

measure the sample displacement.  

In designing the test models, a pin grip design was required as plywood boards 

delaminate when loaded with clamp grips. The pin grip is used for two reasons, firstly to 

reduce the possibility premature failure on the edges of the panels, and secondly to 

ensure the force induced is localised at the centre of the test panel, where the joint is 

located. This grip has been used in similar testing of laminae board tensile loading 

(Granello, Reynolds and Prest, 2022;Zarnani and Quenneville;Wikihouse, 2022). The grip 

was designed to withstand a greater force than the samples were mechanically capable 

of withstanding. With the UTM test rig capable of withstanding a maximum force of 25KN 

the grip is designed to take a maximum force of up to 52KN if 52 5mm diameter bolts are 

used for fastening, however in the testing a use of 26 bolts allowed for a max grip force 

capability of 26KN as a pin joint, neglecting to account for frictional force over the clamped 

area of 140*300 mm either side. The grips can be seen in Appendix B, clamped to either 

end of the panel that is mounted in the test rig. 

As part of the analysis process for the mechanical failure of the elements, one of each of 

the joint test panels was prepared for Digital Image Correlation (DIC). The process utilized 

a single-camera setup that captured a timelapse of the joint, which was painted with a 

black pen in a speckled grid around the joint. This simple process tracked the motion of 

the joint and surrounding panel at one photograph per second. With the camera 

positioned on a tripod, focused on the desired point of observation. DIC is used to capture 

the particle movement over time so that analyses of the displacement and deformation of 

a control tested sample can be measured.  
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3.2 The test panel design  
The testing was done on four panels of each joint design, where four of each design was 

manufactured for testing from a new plywood board, with an extra panel built for the triple 

bowtie, making 17 full test panels constructed. All 17 test panels were fabricated from 

Finnish spruce plywood of 18 x 2410 x 610 mm, that was halved to 18 x 1205 x 610 mm 

pieces due to the CNC machine limited size capacity. In accordance with BS EN 1380-

2009, for the group samples of similar test pieces, separate planks shall be used for each 

test piece or panel, as to BS EN 1380-2009. The Finnish spruce plywood was sourced 

from MetsaWood, which is the chosen material for the Wikihouse skylark project. The 

Spruce plywood is manufactured in accordance with the BS EN 13906:2004, whereby a 

declaration of performance (DoF) on the material with available from the supplier, the 

specifications are found summarized in Appendix D. The panels are constructed of cross-

bonded 3mm thick coniferous veneers that are bonded with phenol formaldehyde 

adhesives to form an 18mm thick panel with a thickness tolerance of between 17.1 and 

18.1mm, and an average weight factor of 8.3kg/m2 for a 18mm panel of 6 veneer laminae. 

The cross-bonded laminae are orientated with four panels grain parallel to the length of 

the panel and two panels grain perpendicular to the grain, see Figure 12 for direction and 

orientation of grains within plywood laminae.  

 

Figure 13: Integral joint mechanism dimensions: (a) Dowel, (b) Cross Joint, (c) Bowtie 
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The four integral joint systems and dimensions and grain orientation (orange arrows) can 

be seen in Figure 13, images a, b & c, the joints seen are the dowel, new bowtie, and 

cross-joint. The fabrication and construction detailed in Appendix A. All panels were 

designed with the majority grain parallel to loading, seen marked in figures, whilst the 

joints grain orientations differed based on the design principle used, the grain orientation 

is shown by the blue arrows. The choices of the designs for the joints was aimed at 

helping increase their strength, efficiency, and installation through optimization of 

material, geometry, and grain orientation. For the Dowel joint the tapering of the one 

corner allows for the joint to become fixed in place once installed as the taper acts to 

wedge the joint in place. The cross-joint is designed as one combined element to reduce 

rotation actions and simplify the installation process, this element can also be used for 

internal stiffening within the structural elements. The Bowtie has been adjusted to have 

two key half circle elements of 42mm diameter on either end, which do not extend beyond 

the edges and no central hole is cut, this being due to it effect of reduction in material 

acting against shear forces.  

The two bowtie test panel setups as seen in Figure 14 images (a) and (b) are constructed 

without panel overlap, in contrast to the Cross Joint and Dowel Joint systems seen in 

Figure 15 , image (a) and (b) which overlap for the joint design. With the overlap 

incorporated the test had to be in accordance with the BS EN 1380-2009, the dowel and 

cross joint test panels should not prevent or hinder the pulling out of the joint fasteners 

by loading equipment, this is done by having no obstructions for the panel and joint 

movement in the horizontal planes. With the dowel joint leaving extrusions on either side 

of the panel, and the cross-joint leaving one clean surface and one extrusion on the 

opposite panel surface.  

The fabricated panels replicate the design models, discussed section 2.5, to induce as 

close a realistic loading profile for their intended use. The overall length of each sample 

was determined to allow for uniform loading of the entire cross section of the centre of the 

test panels based off the limiting length and the required space for the grip and test 

displacement. With the length measurements as seen in Figure 15, test A (dowel) and B 

(cross joint) were designed at 740mm & 760mm respectively. In Figure 14, test C (Single 

bowtie) and test D (triple bowtie) were both designed at 755mm in length. To ensure 

uniform loading at the centre, a uniform distribution angle of travel of 45° from the centre 

of the outermost point of the pin grips was used, thereby the panel load would be uniformly 

experienced between 100 to 200mm away from the centre of the test samples, depending 

on the panels design.  
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Figure 14: (a) Test A - Triple Bowtie measurements; and (b) Test B - Single Bowtie measurement 

 

Figure 15: (a) Test C - Dowel measurement; and (b) Test D - Cross Joint measurement 
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3.3  Fabrication and testing procedure: 
The projects methodology and test procedure are described in detail and in chronological 

order in the following three stages:  

• Digital modelling of the test panels,  

• Fabrication and construction,  

• Monotonic tensile testing with data collection and processing.  

This methodology was used to design and fabricate the four Joint systems into 4 to 5 test 

panels and two mock panels in the test preparation phase. Initially two mock panels were 

constructed from uncharacterized plywood, to gauge the initial construction time, whilst 

also testing the UTM’s monotonic loading protocol without loss of data or material. After 

which, four test panels, one of each joint were built and tested to ensure the UTM rig had 

the capacity to test the panels and to ensure there were no major design flaws. Following 

the 4 initial tests, the remaining 12 panels were built and tested, with an additional 5th 

panel build for the triple bowtie (Joint model B) due to irregular failure in the joint.  

3.3.1 Digital modelling of panels: 

The digital modelling stage utilized computer aided design (CAD) to design the shape, 

dimensions and cutting procedures for the CNC fabrication, which then cut the designs 

to the same dimension with minor deviation. This process took the Wikihouse proposed 

joint mechanisms and modelled them to fit the CNC and UTM machine limitations allowing 

for efficient setup and testing. The following steps were taken, with further visual 

descriptions of this process provided in Appendix A: 

1. Draw digital layout of panels, for CNC cut, using AUTOCAD Software. 

2. Transform the 2D models to 3D models within Fusion 3D Software. 

3. Refine model in Fusion 3D, selecting feed rate, cut speed, milling piece, and cut 

path.  

4. Turn 3D model into a G-code for the CNC machine. 

5. Use the CNC machine to cut the test panel and joint from the same panel.  

3.3.2 Fabrication and construction: 

With the digital modelling completed, the project stage of fabrication with the Ooznest 

Workbee CNC and construction by hand took place. The fabrication and construction 

process is described below, with further description and illustrations found in Appendix B: 

CNC fabrication: 

1. Setup and orientation the alignment, drill, and vacuum cleaner of the CNC 

machine. 

2. Place the panel in the machine limits and secure with wood screws at the ends 

and along the outside edge, avoiding the toolpaths as planned in the digital model. 

3. CNC machine cut the plywood board into separate panel and joint elements, see 

Appendix B. 

4. Assemble the test panel.  

Panel construction and test preparation: 

1. Attachment of 150*300*9 mm head binder boards for clamp grip. 
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2. Drilling of holes for grip attachment. 

3. Paint on speckled grid network for DIC. 

4. Attaching of steel grip to panel edges. 

5. Insert small nails at 150mm from the Centrepoint, along the panel centreline for 

extensometer clamps. 

6. Measure the panel depth in 8 locations to gauge an average depth of the sample.  

7. Placing the test panel specimen into Universal Tensile machine.  

8. Setup DIC camera and tripod stand. 

3.3.3 Monotonic Tensile testing: 

The Monotonic Tensile loading stage took place after the construction of test panels, 

whereby the British standards regulations on the testing and preparation of joints were 

adhered to, with the BS EN 1380-2009 describing the full process and adjoining 

standards. The testing protocol for all 17 panels was conducted as follows:  

1. Align and secure the panel in the Tinius Olsen UTM machine. 

2. Place extensometer clamps on small nails.  

3. Align the camera and set to timelapse of 1 photo/sec (2 Photo/sec in later tests). 

4. Zero the gauge readings of overall displacement, force, and extensometer of the 

UTM at the start position. 

5. Adjust and check horizon software  

6. Ensure the program is saving the appropriate file name and place. 

7. Check that the test is a monotonic test measuring Force exerted, time, total 

distance, and extensometer distance. 

8. Check for the test result unit parameters and total collected data points to be 3000 

data points. 

9. Put on appropriate personal H&S equipment.  

10. Take single pane photograph before test. 

11. Start DIC camera timelapse. 

12. Start Monotonic tensile loading test. 

13. Monitor test for irregularities and photograph failure modes or movements of panel 

boards. 

14. Allow test to reach max force, fail and/or reduce force to half of max curve or until 

critical failure of joint or panel board.  

15. End test, save file and capture horizon generated graph of real time results.  

16. End camera timelapse 

17. Photograph failure modes of panel.  

18. Remove panel carefully. 

19. Dismantle test panel and commence preparation of next test panel.  

20. Process the data for analysis and reporting 
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4 Test results, analysis, and discussion 
This chapter will present the test results of each integral joint mechanism with a 

discussion on the lab tests, observations, and statistic distribution and verification of 

characteristic stiffness and strength per joint mechanism. 

4.1 Laboratory test results 
Following the experimental setup and the methodology of section 3 and 4, the fabricated 

panels where tested and the data was collected as .csv files that were then processed 

using a python script to plot the results as Force vs Displacement graphs. For the results, 

the plotted data tracks 3000 data points of the force vs panel displacement, with the 10%, 

40% and max forces identified and highlighted in red in the graphical representation. 

4.1.1  Dowel joint mechanism 

The Dowel Joint design is a simplified design of the current timber peg used for the edge 

connections in the skylark design. The four tested panels were observed to showcase a 

definitive force-displacement relationship profile, with a max force capacity of 21.3 kN at 

a displacement of 4.70mm, see Figure 17 and Table 5. 

All test panels dowel joints had minimal observed damage, some corner splintering and 

smoothing was seen throughout, however all four joints experienced the same failure 

mode of joint rotation due to moment forces, seen in Figure 16 (a), where the red arrow 

show the imposed tensile load and the blue arrows show the resulting moment force 

around the centre of the joint.  

 

Figure 16: Dowel failure modes observed 

This resulted in the joints dislodging from the joint sockets. The panel elements were all 

observed to fractured in the same way, where the upper and lower panel edges closest 

to the centre experienced shearing forces from the rotating joint and all had some degree 

of delamination between the joint socket and the panel edge. Their failure can be seen in 

Figure 16 a, b, and c. After the max force was observed, all tested panels began to deform 
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whilst maintaining a large force capacity, the tests were concluded once the joint slipped 

through the socket, or when the force reached half of the max force and was manually 

stopped. The dowel joints grain is parallel to the force, however no observable failure of 

fracture or plastic deformation were observed in the joint.  

 

Figure 17: Dowel Joint Force-displacement graph 

 

The results of the Dowel joint tests are presented in Table 1, showing the Max force, 40% 

and 10% displacement locations per test. Since the test consists of 3 dowels working 

together, the max strength capacity per dowel joint is divided by 3 to give up a capacity 

strength of 7.1kN per Dowel joint.  

Table 1: Dowel test results 

 Dowel Joint results  

Test  Max force (kN) L at 40% L at 10% 

DowelT1 19.402 1.12 0.33 

DowelT2 21.300 1.12 0.30 

DowelT3 18.998 0.99 0.11 

DowelT4 20.400 0.54 0.04 

 

4.1.2  Cross joint mechanism results 

The Cross-joint design is made to work with the Dowel joint as previously discussed to 

secure the overlapping panels in the structural elements. The four tested panels were 

observed to showcase a definitive force-displacement relationship profile, with a max 

force capacity of 7.1 kN at a displacement of 5.12mm, see Figure 18 & Table 5.  

All test panels cross joints had no observed damage, however all four joints experienced 

the same failure mode of joint rotation due to moment forces, like the dowel joint, see in 
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Figure 19(a), this resulted in the joints dislodging from the joint sockets. However, this 

failure differed from the dowel because of the joint having a clean finish with no residual 

joint past the panel, which allowed for earlier slipping where less material prevented the 

joint from pulling out. The panel elements were all observed to have failed or fractured in 

the same way, where the upper and lower panel edges closest to the centre experienced 

shearing forces from the rotating joint and all had some degree of delamination between 

the joint socket and the panel edge. Their failure can be seen in Figure 19 b, c and d. 

After the max force was observed, all tested panels began to deform whilst maintaining a 

significant force capacity, the tests were concluded once the joint slipped through the 

socket, or when the force reached half of the max force and was manually stopped. The 

cross joints grain is perpendicular to the force, and minor failure in compression 

deformation was observed in the joint after being dismantled. 

 

 

Figure 18: Cross Joint Force-displacement graph 

The results of the Cross-joint tests are presented in Table 2 , showing the Max force, 40% 

and 10% displacement locations per test. Since the test consists of 2 cross joints working 

together, the max strength capacity per dowel joint is halved to give up a capacity strength 

of 3.55 kN per cross joint.  

Table 2: Cross Joint test results 

 Cross Joint results  

Test  Max force (kN) L at 40% L at 10% 

CrossJointT1 6.640 1.49 0.71 

CrossJointT2 6.910 1.21 0.39 

CrossJointT3 7.100 1.77 0.78 

CrossJointT4 6.189 2.71 1.55 
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Figure 19: Cross Joint Failure modes observed 

4.1.3 Single bowtie joint mechanism results 

The Single bowtie design proposed to replace the current shear keys and for use in lateral 

uplift resistance. The test results of the single joint are presented here. The four tested 

panels were observed to showcase a definitive force-displacement relationship profile, 

with a max force capacity of 8.85 kN at a displacement of 8.68mm, see Figure 20 & Table 

5.  

With figure 19, image a, showcasing the load testing direction. The tests failure modes of 

1) shear failure, 2) delamination and 3) compression of fibres were observed in different 

areas of the panels. All test panels single bowtie joints were observed to be damaged by 

failure mode 2 and 3, the compression of the fibres caused the delamination, these failure 

modes are presented in Figure 21 image c and e. The panel elements were all observed 

to have failed or fractured in the same way, they failed in mode 1 along the panels joint 

lock segments, circled in Figure 21 image f, and failed in images b, c, d & f, the lock 

segments are designed to prevent the bowtie from pulling through in the lateral loading 

scenario. This failure is further explored in section 4.2. The shear failure is seen to tear 

the lock segments out with a vertical crack propagation as well as delamination in multiple 

areas.  

After the max force was observed, all tested panels began to deform whilst maintaining a 

significant force capacity, the tests were concluded once the panels lock segment failed, 

or when the force reached half of the max force and was manually stopped. All failed lock 

segments can be seen in the force-displacement graph as a sudden significant drop in 
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force capacity. The bowtie joints grain is perpendicular to the force, this is usually noted 

as the lower capacity orientation, where only 2 laminae have fibres parallel to the force 

induced, this was a design manufacturing error, however the results are still promising. 

 

Figure 20: Single Bowtie Joint Force-displacement graph 

Figure 21: Single Bowtie Joint Failure modes observed 
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The results of the Single bowtie tests are presented in Table 3, showing the Max force, 

40% and 10% displacement locations per test. Since the test consists of a single bowtie, 

the max strength capacity per bowtie joint is 8.85kN.  

Table 3: Single bowtie joint test results 

 Single Bowtie Joint results (kN) 

Test  Max force (kN) L at 40% L at 10% 

SBowtieT1 8.408 2.44 0.80 

SBowtieT2 8.318 3.10 1.34 

SBowtieT3 7.400 1.49 0.19 

SBowtieT4 8.847 2.55 0.80 

 

4.1.4 Triple bowtie joint mechanism results 

The Triple bowtie design is for the same purpose of the single bowtie but with three joints 

together, done to observe how the collective joint reacts to uplift forces. Five panels were 

tested and observed to showcase a definitive force-displacement relationship profile, with 

a max force capacity of 24.1 kN at a displacement of 5.76mm, see Figure 22 &Table 5. 

With an unexpected early failure seen in Figure 22, which prompted the manufacturing of 

another sample for testing, to increase the sample size. 

 

Figure 22: Triple Bowtie Joint Force-displacement graph 

The tests failure modes of 1) Shear failure, 2) delamination and 3) compression of fibres 

were observed in different areas of the panels. All test panels triple bowtie joints except 

test 3, were observed to be damaged by failure mode 2 and 3, the compression of the 

fibres caused the delamination, these failure modes are presented in Figure 23 image e 

and f. In test panel 3, the outer left bowtie had a sudden fracture failure at 10.7kN, 

prompting an outlying strength capacity, this is seen in Figure 23, image d, where the 

bowtie is photographed split along the central line. This outlying result is 56% below the 
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average strength capacity of this test sample and 13.4 kN below the maximum force 

achieved, thus being irregular to the overall results.  This test was the only test to fail due 

to fracture failure in the joint where all other failures occurred in the panel elements.  

The panel elements were all observed to have failed or fractured in the same way, they 

failed in two areas both by mode 1 failures along the panels joint lock segments and along 

the edge lock segments. Shear failure 1 is marked as the internal lock segment failure, 

like the single bowtie, seen in Figure 23, image c and e. Whilst shear failure 2 is marked 

as the external lock segment failure, seen in Figure 23, images b, c, and e. the lock 

segments are designed to prevent the bowtie from pulling through in the lateral loading 

scenario. This failure is further explored in section 4.2. The shear failure 1 is seen to tear 

the lock segments out with a vertical crack propagation as well as delamination in multiple 

areas, whilst shear failure 2 propagates a 45° crack at the thinnest panel section, see 

image b. Some slippage from the bowtie sockets was noted at the for the panels that 

tested above 19kN of tensile force. 

After the max force was observed, all tested panels began to deform whilst maintaining a 

significant force capacity, the tests were concluded once the panels lock segment failed, 

or when the force reached half of the max force and was manually stopped. All failed lock 

segments can be seen in the force-displacement graph as a sudden significant drop in 

force capacity. The bowtie joints grain is perpendicular to the force, this is usually noted 

as the lower capacity orientation, where only 2 laminae have fibres parallel to the force 

induced. 

Figure 23: Triple Bowtie Joint Failure modes observed 
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The results of the Triple Bowtie joint tests are presented in Table 4, showing the Max 

force, 40% and 10% displacement locations per test. Since the test consists of 3 bowtie 

joints working together, the strength per bowtie joint is divided by 3 to give a max capacity 

strength of 8.03kN per bowtie joint, this is lower than the single bowtie capacity. 

Table 4: Triple Bowtie Joint test results 

 Triple Bowtie Joint results (kN) 

Test  Max force (kN) L at 40% L at 10% 

3xBowtieT1 19.1999 1.73 0.59 

3xBowtieT2 19.798 1.87 0.63 

3xBowtieT3 10.698 0.47 0.15 

3xBowtieT4 21.997 1.43 0.27 

3xBowtieT5 24.099 2.05 0.37 

 

4.2 Stiffness & Mechanical failure properties of joints 

4.2.1 Stiffness characteristic of the joints 

With the strength characterised by the force capacity of the panels and joint mechanisms 

achieved in the tensile monotonic loading. The joint stiffness characteristic has to be 

calculated for the impact and influence the joints have on the shear walls which they are 

designed to operate within. To characterize the stiffness against uplift, Ku, of each joint 

mechanism, equation 1 is used:  

𝐾𝑢 =
𝐹40% − 𝐹10%
𝑑40% − 𝑑10%

 

Where ‘F’ is the force sustained at 40% and 10% of the total max force, and the where ‘d’ 

is the displacement distance recorded at the 40% and 10% of max force during the 

testing. 

Summarized in Table 5, where the mean stiffness is taken as the overall joint stiffness, 

as to the BS EN 14358:2016. 

Table 5: Stiffness results of joints 

Joint Tests stiffness (kN/mm) Mean Stiffness  

Test 
number 

1 2 3 4 5 (kN/mm) 

Dowel 6.61 10.48 6.01 7.56   7.66 

Cross-
Joint 

2.80 2.59 1.99 1.56 2.24 

1xBowtie 1.44 1.47 1.67 1.59 1.54 

3xBowtie 4.43 4.57 10.00 5.83 5.13 5.99 

 

The dowel joint stiffness results show that it is the stiffest joint at 7.66 kN/mm with triple 

bowtie in second at 5.99 kN/mm. However, the bowtie is less stiff with one joint at 1.54 

kN/mm. 
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Since the joints will be both working in systems 1 and 2 explained in chapter 2, as well as 

the considerations of adjacent panel influence. The overall stiffness of each integral joint 

requires parametric adjustments. 

For the Cross-joint, the mechanism operates primarily as a joint and secondly as a 

stabilizing and stiffening panel in the structural beams and columns, with stitch joint 

properties. Therefore, the characteristic joint stiffness is adjusted by the multiplication of 

the number of joints within the test and the addition of the other wall impacting surfaces, 

4 in a rectangular element, multiplied by the stitch joint shear stiffness, Ktab =2.69 

(Wikihouse, 2022) This results in a characteristic uplift stiffness Ku = 15.23 kN/mm. 

The dowel characteristic stiffness on the other hand is influenced by the fact that the joint 

will be used in both the upper and lower section of the panel, thereby the tested stiffness 

must be doubled. Therefore, the characteristic uplift stiffness Ku = 15.32 kN/mm. 

For the joints of system 1, the combined characteristic stiffness will be defined by equation 

2: 

1

𝐾
=

1

𝐾𝐷𝑜𝑤𝑒𝑙
+

1

𝐾𝐶𝑟𝑜𝑠𝑠𝐽𝑜𝑖𝑛𝑡
 

Whereby, the characteristic stiffness for system 1 is Ku = 7.64 kN/mm. 

The bowties uplift stiffness characteristic is simply defined by the number of applicable 

joints in the upper and lower regions of the structural elements panel, which is defined by 

multiplying the test stiffness by 2. This is the case for both single and triple bowtie results, 

where the characteristic uplift stiffness of a single bowtie is Ku = 3.08 kN/mm and the triple 

bowtie is Ku = 11.98 kN/mm. These results are summarized in Table 6 below. 

Table 6: Uplift characteristic stiffness results 

Joint 
Characteristic uplift 

stiffness, Ku   

Dowel 15.32 kN/mm 

Cross Joint 15.23 kN/mm 

1xBowtie 3.08 kN/mm 

3xBowtie 11.98 kN/mm 

System 1 (Dowel +Cross joint) 7.64 kN/mm 

 

4.2.2 Dowel and cross joint failure mechanism  

With the test results analysed and test panels observed, identification of the Joint and 

panel failure mechanics is important for further investigations and for a comprehensive 

understanding of the use and optimisation of the proposed joints. This section is done as 

a qualitative analysis. 

In assessing the Dowel and Cross-joint tests, both panels showcased a similar failure 

mechanic that were not due to material failure of fracture or plastic deformation, but 

instead caused by slippage and loss of contact surfaces to continue opposing the load 

applied. Due to the panel overlap design of the dowel and cross-joint, the imposed load 

caused rotation due to an offset load from the centre of the joint.   
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Figure 24: Assumed failure in dowel and cross-joint 

With the presumed failure mode based on the material strength between the joint and the 

edge, shown as red with a parallelogram, where it was thought the joint would tear off the 

panel material. This scenario can be simplified to a simply supported beam under a 

uniformly distributed load, whereby the depth and thickness of the would influence the 

strength capacity. However, this was not the case and instead, both the dowel and cross 

joint experienced failure due to slippage, caused by rotation around the centre of the joint. 

With Figure 25 & Figure 26 showing the cross-sectional view of the effects of the imposed 

loads in a frame-by-frame illustration of the failure. Beginning from the left at time, t =0, 

to failure. With the depth of the joint’s penetration marked by ‘x’, the dowel was stronger 

due to the full penetration and a larger surface of material that was required to pull and 

rotate the joint free, the dowel had 30mm of depth vs the cross-joint that had 18mm of 

depth.  

 

Figure 25: Dowel joint identified failure illustration 
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Figure 26: Cross-joint identified failure illustration 

4.2.3 Single and Triple bowtie joint failure mechanism 

In the case of the bowties, the tested panels failed at fracture in the presumed failure 

directions, this was analysed with Digital image correlation (DIC) and is analysed further 

as follows.  

Utilizing DIC and open-source code to track the movement of the bowtie joint that were 

painted with a black speckle and time lapsed. Figure 27 & Figure 28Figure 27 depict the 

strain transition within a 4-frame transition. The left-hand side showing the start point, and 

the far right the final point at fracture, whereby the colour indicates the local points of 

strain and high movement of the panel / joint observed, blue indicating low movement or 

change, whilst red indicating high movement and strain. From this analysis technique, 

observations of the local failure positions can be identified for further analysis. 

 

Figure 27: DIC 4 frame failure timelapse, single bowtie 

In the single bowtie the panel was the weak point in the system and failed with the 

cracking of the lock segment as discussed in section 4.2 this can be seen in Figure 27 

with the concentration of strain in the middle left and right section of the panel, this is 
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described as failure mode 1 due to shear failure in the panel. The bowtie is seen to have 

extreme strain, however, only fails locally from compression in the laminae plywood. 

 

Figure 28: DIC 4 frame failure timelapse, triple bowtie 

In the Triple bowtie the panel was the weak point in the system and failed with the cracking 

of the lock segment and in the outer panel segment, as discussed in section 4.2 For the 

triple bowtie, the outer bowtie was analysed with DIC as to the local geometry difference. 

The failure can be seen in Figure 28 with the concentration of strain in the middle left and 

right section of the panel, however the outer segment experiences the greater load and 

primary failure, this is described as failure mode 2 due to shear failure in the panel on the 

edge. The bowtie is again seen to have extreme strain, however, only fails locally from 

compression in the laminae plywood. 

 

Figure 29: Bowties identified failures 

In analysing both failure modes 1 and 2 of the bowtie, the outer bowtie is shown and 

illustrated in Figure 29, where the local areas of strain are marked in image b in red, whilst 

the internal forces are identified in image c. The failure modes are caused by the 

combination of the internal reaction force of the bowtie with the moment generated from 

the displaced force of the internal panel force. The failure mechanic can be described as 

a cantilever beam on either side of the bowtie, where the bowtie acts as a fixed support. 

This scenario causes a concentrated vertical force on either end of the support, where 

fracture from shear failure will occur. These failure modes directly correspond to the shear 
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failures identified experimentally by Gamerro, Bocquet and Weinand (2020). Finally, 

these fracture mechanics are heavily influenced by the depth and length of the segment 

(described as a beam when simplified), which influence the internal inertia and section 

modulus, z.  

4.3 Design characteristic value of results 
With each test sample consisting of four tested panels except for the triple bowtie which 

had five test panels. In accordance with the British standards timber testing protocol, the 

tested sample follow a normal distribution statistical analysis, where the test sample will 

be plotted based off an ascending histogram with the normal distribution graph 

showcasing the probabilistic spread of a larger sample based off the mean value, 

standard deviation, and sample size. The test sample is based on an n =4 or 5 from a 

homogenous sample of spruce plywood ordered in bulk from a single supplier. With all 

previous testing of the material by OSL and Wikihouse showing a normal distribution, the 

collected strength data will be taken as a normally distributed sample. 

All the test panel normal distribution plots showcase the mean values, standard deviations 

and 5% percentile, which typically lays at the 1.64 standard deviations from the mean, in 

a large test sample above >40 samples. Table 7 below summarizes the test results of the 

study and the following subsections discuss the spread of the test samples. With the total 

data spread and mean strength capacity presented in Figure 30, as a box plot.  

In accordance with the British standards of design with timber the stiffness factor is taken 

as the mean stiffness value of the tested sample, whilst the characteristic value of strength 

is taken as the 5th percentile value of the normal distribution, this is as to the BS EN 

14358:2016. 

Table 7: Test samples overall statistic data 

 

 

Joint Units Mean Force 5% percentile 
Standard 
deviation Max force 

10% of Mean 
force 

40% of 
Mean force 

Dowel KN 20.03 18.55 0.90 21.30 2.00 8.01 

Cross-Joint KN 6.71 6.15 0.34 7.10 0.67 2.68 

1xBowtie KN 8.24 7.38 0.53 8.85 0.82 3.30 

3xBowtie KN 19.16 11.64 4.57 24.10 1.92 7.66 

3xBowtie_reduced KN 21.27 18.09 1.94 24.10 2.13 8.51 
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Figure 30: Box plot of test results distribution 

In reference to Figure 30, the overall distribution of the testing of the panels per joint is 

small and thus accurate, except in the Triple Bowtie joint. The triple bowtie data has an 

extreme outlier, as previously discussed, due to a sudden unpredicted failure mode. 

Resulting in a lower overall mean strength but higher distribution and higher max strength 

achieved in the small sample of 17 tested panels. 

4.3.1 Joints characteristic design capacity values 

For analysing the test sample of the dowel joint, the sample size of n=4 and mean force= 

20.03kN. The normal distribution, as shown below in Figure 31, presents a well distributed 

sample with the 5th percentile force capacity was found to be the 18.55 kN.  

For analysing the test sample of the Cross-joint, the sample size of n=4 and mean = 6.71 

kN. The normal distribution, as shown below in Figure 32, presents a peaked distribution 

of concentrated results, where the 5th percentile force capacity was found to be 6.15 kN.  

For analysing the test sample of the Single Bowtie joint, sample size of n=4 and mean 

force= 8.24 kN. The normal distribution, as shown below in Figure 33, presents a well 

distributed sample with the 5th percentile force capacity was found to be 7.38 kN.  
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Dowel test distribution 

 

Figure 31: Normal distribution of Dowel Joint tests 

 

Cross-joint test distribution 

 

Figure 32: Normal distribution of Cross-joint tests 

 

Single Bowtie test distribution 

 

Figure 33: Normal distribution of Single Bowtie Joint tests 

 

Triple Bowtie test distribution 

 

Figure 34: Normal distribution of Triple Bowtie Joint tests, 5 test 
distribution 

 

 

For the analysis of the test sample of the Triple Bowtie joint, the sample size of n=5 and 

mean force= 19.16 kN. The normal distribution, as shown below in Figure 34, presents a 

well distributed sample over the largest range of capacity. With the 5th percentile force 

capacity was found to be 11.64 kN. However, due to the extreme outlying result that sits 

56% below the mean strength capacity, it can be considered that this result skews the 

results, generating a standard deviation of 4.57, were all other tests lay below 1.0. This 

outlier is further seen in the box plot of Figure 30, as an extreme outlier in the right-hand 

bottom corner.  

Therefore, a removal of this outlier in processing was done, thereby as a sample of n=4, 

and mean force = 21.27, calculated from the four other tests. The normal distribution of 

Figure 35 was plotted. This distribution is a well distributed, showcasing a 5th percentile 

strength capacity of 18.09 kN, 6.45 kN above the previous distribution. 
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Figure 35: Normal distribution of Triple Bowtie Joint tests reduced distribution 

 

Overall, the test sample of 17 panels in 4 grouped joint panel tests is well distributed, 

however more testing will improve the characteristic spread and allow for a more certain 

design standard above the 5th percentile and reinforcing the true spread and failure mode 

at strength capacity for a better design certainty.  
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5 Conclusion and Recommendations  
 

5.1 Conclusion 
With an aim to test a new design solution for the uplift prevention in the Wikihouse shear 

walls, the project designed, fabricated, and constructed four joint panel systems. These 

panels were then tested in monotonic tensile loading. The results of which were used to 

analyse the force and displacement of the joints, through which conclusions on the max 

characteristics force, and stiffness were identified per joint.  

The test results of the individual joint mechanisms, for the maximum strength 

characteristic in descending order were Bowtie, Dowel, Cross joint at forces of 8.5 kN, 

7.1 kN and 3.55 kN respectively. These forces characterise the mean max strength of the 

test sample and as to the BS EN 14 358 standards, the variable characteristic 5th 

percentile strengths govern timber construction designs. However, the stiffness 

characteristic is taken as the mean characteristic. The resulting strength and stiffness 

characteristics can be found in Table 8.  

With the triple bowtie panels having the strongest characteristic force capacity at 18.09 

kN, and max force of 24.1 kN. The Dowel is the stiffest of the joints, however because the 

dowel works in tandem to the cross joint, the stiffness is reduced to 7.64kN/mm and thus 

the triple bowtie is the stiffest joint at 11.98kN/mm.  

Table 8: Final joint characteristic strength and stiffness 

Joint 

5th Percentile 
characteristic 

strength Unit 

Characteristic uplift 
stiffness, Ku 

Unit 

Dowel 18.55 kN 15.32 kN/mm 

Cross Joint 6.15 kN 15.23 kN/mm 

Dowel + Cross Joint 6.15 kN 7.64 kN/mm 

1xBowtie 7.38 kN 3.08 kN/mm 

3xBowtie 18.09 kN 11.98 kN/mm 

 

From the original peg joint characteristics of 26.3kN max force capacity and 8.1kN/mm 

stiffness, Figure 3. Since all the systems characteristic strength would double with joints 

on either end of the panel element in the Wikihouse design. The dowel and bowtie are 

both twice as strong as the 5th percentile stated, thus both are stronger than the original 

peg.  

The Dowel comes to 37.1kN in a complete panel setup, making it, 41% stronger. The 

triple bowtie comes to 36.18kN in a complete panel setup, making it 38% stronger. The 

triple bowtie is the only joint system to surpass the peg at 11.98kN/mm, with the single 

bowtie 6.7% below the current peg stiffness. The triple bowtie is 48% stiffer overall. 

Furthermore, the new bowtie design is stronger and stiffer than the original bowtie design 

capacity of 8.84 kN and 1.47 kN/mm, Figure 4.  
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Therefore, the triple bowtie integral mechanism attachment joint is both stiffer and 

stronger than the original peg joint used to hold down the Wikihouse, skylark column to 

beam connection. Moreover, the bowties new design shows potential to replace the shear 

key bowties currently being used in the shear wall. The bowtie joint in an orientation of 

two joints has the potential to be both stronger and stiffer than the current peg system, 

with the advantage of reducing the shear wedge failure on the outer edge due to an 

increase in material acting against the tensile load.  

Whilst further consideration must be made regarding the original peg joint not having been 

assessed for the variable characteristic in a sample distribution since the sample test was 

too small, therefore affirming that the new test results have a greater improvement factor 

as they are not directly comparable. 

The application of the bowtie joint in use as a base connection to prevent uplift is a viable 

option as the results have shown favourable increases in strength and stiffness. However, 

a full wall test and finite element model of failure for the wall will help to better understand 

the strength and stiffness characteristics of the bowtie joint alone and in a large structural 

element. 

In addressing the projects objectives, all objectives except for the aim to identify formula 

for the mechanical failure modes of the joint mechanisms was achieved. However, the 

joint and test panels were qualitatively analysed for the internal failure modes, with use 

of fundamentals structural analysis concepts. The project succeeded in reviewing of past 

work done on timber joints in modular construction; succeeded in fabricating four new 

joint mechanisms using 3D modelling and CNC fabrication techniques. Succeeded in 

testing the maximum tensile load bearing capacity of the joint mechanisms. Succeeded 

in analysing the joint systems at max tensile loading to characterize the joint stress 

capacity. Succeeded in analysing the mechanical failure modes of the joints tested. And 

lastly the project succeeded in assess the distribution of the results.  

In conclusion, the techniques of using timber to timber connections of integral mechanical 
attachment joints for increasing the stiffness to prevent uplift and shear wall failure is a 
suitable solution for Wikihouse to use. Furthermore, it is apparent from the review in 
literature that there is provision for integral mechanical attachment joints to be 
incorporated into British standard codes for structural design in small residential and 2 
storey buildings, with potential for future use in larger structures once the joints are fully 
tested. 
 

5.2  Recommendations for further study into area of timber joints 
To improve on the testing and designs of the project conducted for further advancement 

in modular construction methods and the improvement in integral mechanical attachment 

joints, the following recommendations are made to further the study area: 

For the general procedure and results of the bowtie and other joints: 

•  Conduct a larger set of tests of >40 samples to reinforce and validate the normal 

distribution of results and confirm the variable characteristics strengths of the joints 

tested. 
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• Test a two-bowtie panel to verify whether 2 bowties can both increase capacity 

and stiffness, whilst reducing the shear failure mode due to a greater area of 

material for resistance to loading. 

• Conduct tests with other plywood of different density and moisture content to 

ascertain whether there is a relationship between the plywood-failure modes and 

strength characteristics. 

• Test the bowties with the bowtie joint majority grain parallel to the tensile 

monotonic load induced. As this is the stronger plane for timber elements. 

 

For the dowel joint which is the 2nd strongest joint tested. The joint itself never truly failed 

and therefore 2 options are possible.  

• Change the design to a mix between the cross joint and the dowel as a T-beam 

dowel, where the flange would operate to reduce the rotation with a larger surface 

acting against the moment rotation force.  

• Test the dowel with 3 panels and 6 dowel joints as a larger full system test to what 

was conducted in this study. This will answer whether this orientation of panels 

would remove the rotation within the dowel that caused the failure to occur 
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Appendix A 

This section shows the visual guidance to the digital modelling with screenshots of the 
settings used. Added for future guidance if the recommendations are pursued. 

The Designs from Section 2.5 and 2.6 were drawn using CAD design. Then modelled for 
CNC fabrication.  
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For the CNC fabrication, the model was setup to mill with one to two settings, a pocket 
mill, to cut all details, and a contour mill, to cut the main structural element. 
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Appendix B 
This section shows the visual guidance to the Fabrication and construction with 

photographs of the procedure taken. Added for future guidance if the recommendations 

are pursued. 

Taking the 3D model, the panel was attached to the CNC machine, all settings and checks 

were done and then the machine was started and cut the panels. 
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Next the panels were cleaned. The 9mm plywood 300 x 140mm boards were attached 

with adhesive. And finally, the edges were drilled for the clamp grip attachment. 
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Appendix C 

This section shows the visual guidance to the Tensile setup with photographs of the 
procedure taken. Added for future guidance if the recommendations are pursued. 

With the first 4 images showing the completed panels, 1 of each joint to be tested. 
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Following the attachment of the joint to the upper and lower panel, the completed sample 

was inserted into the test rig as seen below, after which the testing procedure was 

followed. 
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Appendix D 
Appendix D is the Dof certification from MetsaWood for the Finnish Spruce plywood. 
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