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Abstract 

The problem of resource depletion and climate change are of great importance for both 

the general public and timber construction industries. Currently missing knowledge 

about wood-to-wood connections makes this study significant for the field of wood 

product research, because it represents a possible starting point for a new ecological, 

open source construction system to promote the usage of wood as potentially 

sustainable and renewable construction material.  

This study presents a new concept designed by the author to make joining in frame 

construction more efficient, sustainable for builders and to promote timber 

engineering. This concept uses laminated veneer lumber (LVL) as nodes in regions 

with a pronounced non-uniform stress distribution and sawn timber in regions with a 

more uniform stress distribution. No metal fasteners or adhesives are used in the 

region of joining between node and beams. The concept is intended to be 

manufactured with 3-axis CNC machinery and to be a system for on-site- and pre-

fabrication of e.g. small houses, emergency shelters and exhibition stands.  

The purpose of this study was to acquire information about compressive, tensile 

strength and the failure of two joint designs, the simple and thick gooseneck joint. To 

investigate the wood joints failures, full field displacement images acquired via digital 

image correlation (DIC) and specimen density via computer tomography (CT) were 

used.  

The wood joints have a higher compressive than tensile strength. Both wood joints 

exhibited brittle failure in tension (beam and/or node failure). In compression the 

simple gooseneck joint buckled around the thinnest cross section of the beam and the 

thick gooseneck joint showed compression failure. Suggestions are made for how the 

mechanical properties of the joints can be improved. Finally, possible methods for 

future research on wood joints are outlined.  
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Zusammenfassung 

Ressourcenverknappung und Klimawandel sind von großer Bedeutung sowohl für die 

breite Öffentlichkeit als auch für die Bauindustrie. Holz bietet als nachwachsender 

Rohstoff die besten Voraussetzungen für nachhaltiges Bauen. Diese Studie stellt einen 

neuen Ausgangspunkt für ein ökologisches Open-Source-Tragwerkskonzept vor, um 

das nachhaltige und erneuerbare Baumaterial Holz zu fördern. 

Im Rahmen des Konzeptes könnten tragende Bauelement in Holzrahmenbauweise mit 

3-Achsen-CNC-Fräsen gefertigt werden und perspektivisch zu einem System zur 

baustellenseitigen Montage oder Vorfertigung beispielsweise kleiner Häuser, 

Notunterkünfte oder Messeständen entwickelt werden. Gefügt werden die Elemente 

mit zwei für CNC-Fräsen optimierten Holzverbindungen: der  Sichelzapfen (simple 

gooseneck joint) und das zweiseitge hakenförmigen Brustblatt (thick gooseneck joint).  

Das Konzept nutzt als Knotenmaterial (nodes) Furnierschichtholz (LVL) in Regionen 

mit einer ausgeprägten ungleichmäßigen Belastung und Stäbe (beams) aus Vollholz in 

Regionen mit gleichmäßigerer Spannungsverteilung. Metallische Befestigungsmittel 

oder Klebstoffe werden bei der Verbindung von Knoten und Balken nicht eingesetzt.  

Ziel der Studie war es, Informationen über Druck, Zugfestigkeit und das Versagen des 

simple und thick gooseneck Verbindung zu gewinnen. Zu diesem Zweck wurden 

Untersuchungen auf Basis der EN 408 durchgeführt. Für die Fehleranalyse wurden via 

Digitaler Bildkorrelation (DIC) berechnete ganzflächige Verschiebungsinformationen 

und Röntgenaufnahmen gesichtet.  

Die Auswertung der Versuche zeigen bemerkenswerte Druck- und geringere 

Zugfestigkeit der Holzverbindungen. Die Holzverbindungen versagten bei Belastung 

durch Zug abrupt, beobachtet wurde ein Abscheren des Hakens im Furnierschichtholz 

oder Holz. Unter Druckbelastung konnte Druckversagen in Stabrichtung festgestellt 

werden. Vorschläge, wie die mechanischen Eigenschaften der Verbindungen 

verbessert werden können, werden zum Abschluss der Studie gemacht. 

Die Ergebnisse dieser Arbeit bietet Anknüpfungspunkte für die Weiterentwicklung für 

CNC gefertige Holz-Holzverbindungen und darauf aufbauenede Entwicklungen.  
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1. Introduction 
This study is about the strength and failure of a new concept to join members in 

frame construction with CNC-fabricated beams and nodes as also presented in a 

previous conference paper submitted by the same author and colleagues (Appendix 

D). Scientifically, the strength of timber and engineered wood products (EWP) 

combining CNC manufactured wood joints is not well investigated. The new concept 

is also referred to as Makerjoint, a word composition of the word maker movement 

(Hatch 2014) and wood joint.  

The missing knowledge about wood-to-wood connections makes this study about 

the Makerjoint concept significant for the field of wood product research, because it 

represents a possible starting point for a new ecological, open source construction 

system promote the usage of wood as potentially sustainable and renewable 

construction material. The study is only a small step towards a new construction 

system, but by making the raw data of this study available to anybody interested 

(Appendix B), it may fertilize the spirit of science for knowledge production in 

general and lead to sustainable further development of the concept. Therefore the 

goal of the research is to identify problems and possibilities of CNC fabricated wood 

joints for application in construction. It is also developed with the intention for being 

manufactured with currently available open source CNC machining techniques.  

The investigation will show how the two developed joints – referred to as simple and 

thick gooseneck joint – perform under tensile and compressive force until failure, 

and how to use Finite-Element-Analysis (FEA) to approximate linear-elastic, static 

material behaviour observed during physical testing. Furthermore failures are 

localized and investigated by Digital Image Correlation (DIC) and computer 

tomography (CT) scanning of the specimens.  

The Makerjoint concept combines unidirectional materials e.g. timber or glulam as 

beams, and multi-layered engineered wood products (EWP) e.g. plywood, laminated 

veneer lumber (LVL) or cross laminated timber (CLT) as nodes. The beams are 

placed between the nodes in regions with a more uniform stress distribution e.g. as 

bar, post or bracing. The nodes with their loads transferring functions are regions of 

non-uniform stress distributions. The elements are connected by two joint types. The 

first joint is called simple gooseneck joint (SGJ) and derived from the Japanese 

gooseneck tenon joint. The second joint is the thick gooseneck joint (TGJ) and 
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evolved from the hammerhead and gooseneck tenon joint. Through the concept, 

load-bearing structures were imaginable, but evidence of the load bearing capacity of 

suitable wood-to-wood joints was missing, Figure 1. 

Figure 1. The Makerjoint concept. a) Sketch of a plane wall assembly, and b) examples of nodes: I+II - 
corner nodes, III - roof node, IV - multiple floor node, V - bracing node, VI - Makerjoint beam. 

 

In this thesis, preliminary investigation was conducted to close the knowledge gap 

concerning the unknown load bearing capacity of the two CNC manufactured joints.1  

Primarily the study evaluates, based on physical testing, the failure and characteristic 

strength in tension, compression of the two joints for five specimens per joint and test 

type. Material and size of the wood joints have been chosen: beams were made of 

C24 (CEN 2009) Scots pine (Pinus sylvestris L.) 39 mm by 100 mm in cross section and 

node material was Kerto Q LVL 39 mm by 200 mm. The Scots pine was randomly 

chosen from one production badge and the Kerto Q was also chosen randomly from 

a delivery package.  

Secondly, the study investigates whether linear elastic finite element analysis (FEA) 

with Solidworks can approximate displacements and stresses in comparison to the 

data collected by physical testing and calculated by analytical methods. Digital 

                                                      

1 Indeed similar concepts have already been described e.g. by Gehri (2001) or the glued frame 
corner first of all investigated by (Kolb 1966), but these systems are using glued finger joints 
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image correlation (DIC) is used as a method to verify the surface displacements of 

the FEA analysis. 

Thirdly, it is investigated whether digital image correlation (DIC) is applicable as a 

method to visualize the proceeding failure in direction of the applied tension and 

compression load. Therefore images during physical testing are taken from the 

specimen surface and surface displacement is calculated by the software Ncorr 

developed by Blaber et al. (2015). 

This study at first outlines the following background (a) the concept and context (b) 

wood joints (c) ethical aspects of the concept and use. Secondly the scientific methods 

and their background are outlined in the following four categories: (a) setup used to 

collect data (b) fabrication of the specimen, (c) used materials, and (d) procedures for 

testing and analysis. Thirdly, the results of testing and analysis will be reported and 

discussed. Finally the conclusion summarizes the key results and future outlook of 

the research. 
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2. Background 
The joints of the currently presented concept were designed with a focus to develop 

an easy manufacturable structural frame construction element, which can take 

vertical and horizontal loads without using metal fasteners (Appendix C). The design 

of the joints is contextualized by the research about current and historic wood joints, 

which were part of the initial inspiration of the Makerjoint concept. 

2.1. The concept 

The design idea behind the concept is that in regions of joining (nodes), where load is 

transferred and the material is loaded in different directions, timber is due to its 

orthotropic behaviour not bests suited. Engineered wood products (EWP) are made 

for these particular situations where resistance in different direction is needed. 

Disadvantageous is the work and adhesive intensive production of engineered wood 

products (Niemz 1993). But in regions of more uniform stress distributions and 

where strength in a particular direction is necessary engineered wood products 

should not be used, because they are not effectively used. Therefore in regions with 

mostly unidirectional loads beams made of timber are better suited. 

Using wood-to-wood joints further improves the concept, because manufacturing of 

the fasteners and the elements is done in one step. So that after manufacturing the 

system just has to be assembled like a jigsaw puzzle. Furthermore the problem of rot, 

corrosion and chemical preservatives, if metal fasteners are used is omitted 

(Graubner 1992). 

To avoid bending moments the structure elements are imagined to build as timber 

frame elements by that bending moments are avoided as much as possible. Also 

because the two developed joints would not resist them particularly well, due to the 

low tensile strength of wood-to-wood joints, Figure 2. 



Background 

5 

 

(a) 

 

(b) 

Figure 2. Simple (a) and thick gooseneck joint (b) after manufacturing. 

 

The developed joints for three axis CNC manufacturing are called simple and thick 

gooseneck joint and had been designed by revising traditional joinery techniques, 

Figure 2.  

A very similar idea was proposed by Gehri (2001) to join timber with engineered 

wood products with finger joints for assembly. Within the Makerjoint concept the 

beam and node are pressed, hammered into each other and metal fasteners, other 

metal connectors or adhesives are not used. This makes the assembly easier and less 

work intensive. The concept as a construction system is similar to the traditional 

timber-frame system with its braces and studs, but with central nodes without 

eccentricity of the applied load (Kolb 2008).  

2.1.1. Timber building systems  

The Makerjoint concept can be classified as a modern timber-frame system. Kolb 

(2008) classifies the timber-frame construction system as one of the basic building 

systems. He generally classifies building types as follows, Figure 3: 

• Log construction (a) 

• Timber-frame construction (b) 

• Balloon- (c) and platform-frame construction (d)  

• Panel construction (e) 

• Frame construction (f) 

• Solid timber construction (g). 

Log and timber-frame construction are a traditional form of construction in Europe 

and balloon- and platform-frame construction are the preferred forms in the UK and 

USA. Both types are built by skilled and educated craftsman.  
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Furthermore, Kolb (2008) points out that modern timber construction is not limited 

by tradition and, to the contrary assesses that panel, frame and solid timber 

construction are positively influenced by modern ways of thinking and working. 

These building systems are different from traditional systems in terms of design, 

appearance, manufacturing processes and are also influenced by regional building 

codes. 

Figure 3. Overview of building systems: (a) log (b), timber-frame, (c) balloon-frame, (d) platform-
frame, € panel, (f) frame and (g) solid timber construction (Kolb 2008). 

When compared with the overview by Kolb (2008), the Makerjoint concept originates 

in the traditional European idea of timber-frame construction. Timber-frame 

construction is interpreted by the Makerjoint concept, while the overall system is 

retained: an engineered wood product is used in the jointing area where traditional 

timber-frame construction is rather weak. 

As mentioned, the main similarities between Makerjoint and timber-frame 

construction remain. The design is thought in wall segments, which enclose a space 

or stiffen a structure. The forces in the wall segments are transferred by linear 
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members and the joints mainly transfer compressive forces. Specifically the studs 

transfer vertical forces and the braces transfer the horizontal loads into a mostly 

continuously supported bottom plate. Struts and braces are at risk of buckling and – 

depending on the façade system – may be subjected to bending moments. The top 

plate aligns the studs and distributes the roof loads. The traditional securing of joints 

with wooden pegs or geometric restraining of movements can be used as an example 

for further development of the Makerjoint concept. 

The difference between the Makerjoint and timber-frame concept is that the 

resistance perpendicular to the grain is increased due to the use of laminated veneer 

lumber. The nodes or points of joining are manufactured out of one piece. This solves 

one of the major difficulties in timber-frame construction were the joist, head binder 

and bottom plate positioned above each other (Siedler 1932). Moreover, the critical 

settling of traditional timber-frame buildings, which may happen due to the high 

swelling and shrinkage of timber in the radial and tangential plane, is avoided with 

the Makerjoint concept by using LVL. Furthermore eccentricities are avoided by 

designing the nodes in a way that the resulting forces have a common point of 

intersection. In comparison to the traditional way of building timber frame buildings, 

the decreased amount of structural elements is also beneficial for numerical 

controlled manufacturing. 

2.1.2. Computer numerical control (CNC) 

Computer numerical controlled (CNC) machines are used on a regular basis to 

manufacture wooden buildings. The Makerjoint concept deploys CNC machines to 

manufacture the beams and nodes.  

As a result of the technological development (cf. Kolb (2008) and Moe (2006)) the 

interaction between and the type of tasks covered by humans and machines has 

changed. According to Buri & Weinand (2014) or Schindler (2009), the change was 

accompanied by three phases, Figure 4. In the first phase, they identify Hand-Tool-

Technology controlled by the human. The human is using the tool and holding the 

material.  

The second phase is characterized by partially replacing manual control with 

numerical controlled tools or as Moe (2006, p.154) writes “the control of a tool along 

a path (is) no longer guided by the neurological-muscular feedback loop of a human 

technician”. This means that materials are processed by a machine that replaces 

repetitive tasks. This phase is referred to as Machine-Tool-Technology.  
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The third phase began when machines itself became responsible for dynamically 

controlling paths based on information previously gathered by the machine and is 

referred to as Information-Tool-Technology. The machine holds the material and 

manufactures the desired product. The technician is only maintaining the machines 

and setting up the processes for its functionality. That way machines are replacing 

formalised physical and intellectual services (Schindler 2009).  

The total amount of work involved in fabricating something is not necessarily 

reduced for mankind, but rather shifts towards designing of the manufacturing 

processes (Schindler 2009). Even though Schindler (2009) characterizes the 

development of wood construction in two caesura he stresses that it rather takes 

place in waves than in stages. The different tools exist at the same time e.g. handsaw, 

table saw and a panel processing centre, but are utilized to different degrees in the 

different phases. 

 

Figure 4. The change of transforming matter with information and energy from man to machines 
(Schindler (2009), translated from German). 
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2.2. Wood joints  

The Makerjoint concept is inspired by the idea of the efficient use of wooden 

materials and numerical controlled machines, as well as by the European and 

Japanese building traditions and current developments of joining wood-to-wood.  

2.2.1. Traditional wood-to-wood joinery 

In this chapter, the influence of traditional joints on the study’s concepts simple and 

thick gooseneck joint is described. Moreover additional information’s and 

developments are presented to reference the concepts wood joints. But instead of 

listing the joints according to the classification systems proposed by e.g. Gerner 

(1992), Graubner (1992) or the traditional Japanese method distinguishing the form of 

joints and is rather orientated along the authors subjective notion of form.  

Gooseneck joint | kama-tsugi 

Found mainly in Japanese architecture, the gooseneck joint form is like a reversed 

dovetail joint with an extended tenon, designed to resist tension and of higher 

strength than the dovetail joint (Graubner 1992; Sumiyoshi et al. 1991). Variations of 

the gooseneck joint can also be identified in European construction, e.g. called a 

hammerhead key tenon by McKay (1946) or in German zweiseitiges hakenförmiges 

Brustblatt by Gerner (1992), Figure 5b. The name in Japanese kama-tsugi derived 

from the Japanese word for reared head of a snake as Seike et al. (1986) writes. 

The gooseneck joint development with its different variations dates back to 1000 A.D. 

at the Heian period (794-1185) in Japan (Graubner 1992). In structures of the Heian 

period the male head is square and roughly finished (Seike et al. 1986). The joint was 

geometrically optimized during the Edo period (1603-1868), due to improvement in 

tool quality which led e.g. to rabbeted slots, which in turn reduced twisting and 

pullout (Seike et al. 1986). 

The basis of such geometric optimizations is a timber with a cross section of usually 

150 to 200 mm (Sumiyoshi et al. 1991). Also, smaller cross sections are common. The 

tenon length is usually two times the timber width, but no longer than 12 cm, 

because the transferable tensile forces do not increase linearly with the shear plane 

area (Graubner 1992; Nakahara & Sato 1995). In Japanese construction the tenon 

length is usually referred to as sun; a traditional measurement, which equals 

approximately 3.03 cm and is used to traditionally describe the gooseneck joint e.g. 

four-sun kama, five-sun kama etc. (Seike et al. 1986). The pitch of the head is 

traditionally determined with a 15 mm wide carpenter square, Figure 5c (Nakahara 
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& Sato 1995; Sumiyoshi et al. 1991). During the process of crafting the carpenter 

needs to take the shrinkage of wood into account. Because of the shrinkage the 

timber needs to be dried or the carpenter compensates the shrinkage with a tight fit. 

Otherwise failure can occur e.g. the mortise can split open and release the tenon. 

Moreover the problem of by shrinkage introduced twisting and separating of the 

joint is partly countered by rabbeted slots (Figure 5a) and lips (Zwerger 2012), but it 

usually needs to be secured against lift off (Gerner 1992). 

Another, tensile failure is described by Sumiyoshi et al. (1991). The joint they tested 

first failed at the bearing, the mating ends of male and female beam crushed, which 

is a desirable feature because crushing failure is not abrupt. Secondly the joint failed 

in the protruding areas (rips) of the joint head. Furthermore, Sumiyoshi et al. (1991) 

concludes that the gooseneck joint is significantly stronger than the dovetail splice 

connection, which they also tested. 

Figure 5. Forms of the simple gooseneck joint and determination of the gooseneck head pitch: (a) 
gooseneck joint with rabbeted slots (Graubner 1992) (b) zweiseitiges hakenförmiges Brustblatt 

(Gerner 1992) and (c) determination of the gooseneck head pitch with a traditional 15mm wide 
carpenter square (Nakahara & Sato 1995). 

Due to its strength and the well-known characteristic the joint is generally used in 

Japanese construction as a splicing joint. By positioning the mortise in the beam that 

bears the load and tenon in the connection timber the connection is self-supporting 

and facilitates the ease of construction (Graubner 1992). The joint is deployed in a 

multitude of variations e.g. stepped gooseneck splice (in Japanese koshikake kama-

tsugi) (Sumiyoshi et al. 1991), gooseneck mortise and tenon joint (in Japanese kama-

tsugi) (Seike et al. 1986), gooseneck joint with rabbeted slots or housed stub tenon, 

rabbeted gooseneck joint with raised neck (Graubner 1992) etc. Nowadays, the joint 

is usually machine made which implicates rounded instead of sharp cornered 

features, Figure 10b. 
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The simple gooseneck joint of the Makerjoint concept also incorporates rounded 

features, due to the tool used.  

Pole tenon joint | sao-shachi-tsugi  

A further refinement of the gooseneck joint is the pole tenon and mortise or lapped 

rod mortise and tenon joint (in Japanese sao-tsugi) or keyed haunched mortise and 

tenon joint (in Japanese shachi-tsugi), Figure 6. The difference in the Japanese naming 

by Graubner (1992), Seike et al. (1986) and Zwerger (2012) can be explained by the 

position in which it is used Figure 6a,b. A shachi-tsugi is used to splice posts 

(Graubner 1992). Meanwhile a sao-tsugi is used to splice timber through or over a 

post. In European joinery it might find it equivalent in the through tenon joint. The 

term shachi derives from the Japanese word for key shachisen (Zwerger 2012). The key 

is used as a retainer in the pole tenon joint and is of rectangular cross section. The 

fibers of the key are perpendicular to the direction of the applied tensile loads. 

 

Figure 6. Pole tenon joint (in Japanese sao-shachi-tsugi) variants. (a) Keyed haunched mortise and 
tenon joint (Shachi-tsugi) (Graubner 1992), (b) lapped rod mortise and tenon joint (sao-tsugi) (Seike 

et al. 1986), (c) the sao-hikki-doko a variation of the pole tenon joint (Zwerger 2012).  
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Before the key is placed to secure the joint, the male is positioned in the female part 

and held in place by one and more keys (Zwerger 2012). The long tenon transfers the 

tensile loads via the keys into the mortise and vice versa. Compressive forces are 

accounted for by the mating surfaces of male and female. Rabbets or haunches are 

used for further resistance against lateral forces.  

The different forms allow for a diversity of application in Japanese residential 

construction (Seike et al. 1986) or exposed ceiling elements (Sumiyoshi et al. 1991). 

Also, the joint allows the replacement of damaged beams and posts. 

A noticeable variation of the pole tenon joint, documented by Zwerger (2012), is the 

sao-hikki-doko a stepped and keyed mortise and tenon joint, Figure 6c. The joints step 

allows for an increased bearing and lateral resistance. The advantage of this 

detachable connection is increased further by making the keys counterpart 

exchangeable as well.  

The solution of the sao-hikki-doko master carpenters is an inspiring idea to solve the 

issue of beam ends exposed to weathering and might be useful to custom solution of 

the Makerjoint concept joints. The key used in the joint is an excellent solution to 

secure the joint in its transverse direction, in which the later investigated iteration is 

not secured cf. Figure 6a.  

Forked tenon joint | Pfostenzange 

The forked tenon joint (German Pfostenzange or Ständerzange) is similar to the ancient 

simple gooseneck joint and can be found mainly in the German speaking regions of 

Europe (Gerner 1992), Figure 7a. 

The joint can be dated back to the Late Neolithic times in Kelchalpe, Tyrol, Austria or 

Donja Dolina in Yugoslavia. One post for example was found in the Aichbühl 

settlement, Baden-Wuerttemberg, German and dates back to 3500 B.C. (Gerner 1992).  

The fork is characteristic for the joint. It gives space for a simple gooseneck joint like 

tenon. The tenon is secured by a head binder, which in turn fits into the tenon of the 

fork. If compared to its succeeding variant, the secured through tenon, the forked 

tenon joint advantage is that it resists tension much better than pegs and wedges. 

However, it is affected stronger by deformations (Zwerger 2012).  

The fork tenon joint, as well as the next to be described joint inherit, the form of the 

early version of the traditional Japanese simple gooseneck joint. And similarly the 

protruding area is used to secure the beam and bears via shear against tensile loads 

just like the Makerjoint concept equivalents. 
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Figure 7. (a) forked tenon joint (Gerner 1992) and (b) the locked lap (Phleps 1982). 

Locked lap 

The locked lap or notched and tabled pectination is a log building joint (Phleps 1982) 

and resembles the forked tenon or gooseneck joint, Figure 7a,b. The joint is usually 

found in regions touched by the Alps and is a common connection in log buildings. 

And even though it is used in log building the purpose of securing the beam is 

similar to the function at the current iteration of the joints investigated in this study. 

Cogged lap joint | Hakenblatt  

The cogged lap joint with straight shoulders, tabled scarf or in German Hakenblatt is 

part of the group of halved-and-lapped joints (Zwerger 2012), Figure 8a. Compared 

to the locked joint, the cogged lap joint is designed as splicing joint. The cogged lap 

joint transfers compressive and tensile forces as well. 

Commonly the joint geometry is designed with the lap two to three times longer than 

the beam height. Heimeshoff & Köhler (1989) mentions a common height of 12 to 20 

cm of the connection and proposes a height of two cm for the protruding area. 

Gerner (1992) just proposes a relation of ¼ of the beam height for the protruding 

area, Figure 8aI. A modification of the joint with wedges improves the connection, 

because it allows retightening of the connection and supports direct force transfer 

without slipping, Figure 8aIII. Undercutting of the timber beams ends also allows 

securing the connection further, but increases the risk of splitting if high compressive 

forces are applied. 
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However, the limiting factor for the connection is not the forces transfer between the 

mating surfaces but the relatively low bearable loads by a through transverse tensile 

forces introduced crack, Figure 8c. Another problem, which can arise in historical 

building, due to the shrinkage of timber, is that the connection tends to open, if there 

is no protection or the beams have not been dried carefully. Figure 8d. In order to 

generally protect the connection against opening due to shrinkage or loads for 

example through lift out usually nails are used. In modern connection, fasteners e.g. 

wood screws are employed. 

Figure 8. Cogged lap joint (aI) dimensions, (aII) without (aIII) with wedges (Gerner 1992). (b) Cogged 
lap joint in a forked column. (c) Failure of a unsecured cogged lap joint (Heimeshoff et al. (1988) 

translated by author). (d) Connection failure due to shrinkage of cogged lap joint with pegs (Lißner 
& Rug 2000). 
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A historical version without nails or pegs combined with the function of the 

gooseneck or locked lap joint was used in Todai-ji kaisando in Nara, Japan. The joint 

parts (Figure 8b) are similar to the simple gooseneck mortise and tenon joint, but are 

also halved and lapped. 

Since they are halved and lapped problems arise, due to the eccentric introduction of 

forces cf. Figure 8c. Therefore the joints of the Makerjoint concept are two-sided, but 

they inherit the idea of transferring tension via the protruding areas and compression 

via the mating ends. 

French lock joint | Französisches Schloß | kana-wa-tsugi 

The french lock joint or in the German speaking regions of central Europe 

Französisches Schloß or in Japanese kanawa-tsugi is a more elaborated version of the 

cogged lap joint. It can be re-tightened and it can take lateral thrust, Figure 9a. Apart 

from central Europe and Japan, this kind of connection also appears e.g. in the 

Changu Narayan Tempel, Kathmandu Valley, Nepal (Gerner 1992) with similar 

geometric proportions. 

 

Figure 9. The French lock joint (a) (Gerner 1992), (b) and its Japanese counterpart the Shiribasami-
tsugi (c) (Uchida (1993) cited by Zwerger (2012)). 

 

The stub tenon and lips protect the joint against buckling, especially if it is used in 

heavily stressed posts (Graubner 1992). Furthermore they prevent lateral shifting and 

twisting. The version refined in Japan is called shiribasami-tsugi (Uchida (1993) cited 

by Zwerger (2012)) and us created by concealing the stub tenon and making the lips 
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a little slender, Figure 9c. The only disadvantage mentioned by Gerner (1992) is the 

extensive labor necessary to fabricate the joint. 

The french lock and its Japanese counterpart, the shiribasami-tsugi are extraordinary 

connections and show the ingenuity of carpenters. The idea of interlocking timber 

should be incorporated in future design steps. This could be done by including the 

stub tenon and lips as a two part assembly of the nodes, where the joints are glued 

together out of two parts.  

2.2.2. Modern wood-to-wood joinery 

The development of wood-to-wood joinery was not in the focus of research for many 

decades (Schindler 2009), due to the market-dominating position of metal fasteners. 

The craft sector was facing difficulties when transferring traditional knowledge 

about the joints load-bearing capacity in a suitable form for engineers and architects 

like calculation tables and assured load-bearing capacity. Metal fasteners were 

developed at the beginning of the 20th century. In the 1950s a variety of fastener types 

were offered with easy to handle information’s to calculate the fasteners resistance 

and continuously replaced traditional wood-to-wood joints (Graubner 1992). With 

the introduction of CNC technology in the carpenters workshop and building 

industry wood-to-wood joinery regained part of its former position and scientific 

attention, due to its economical and design potential (Schindler 2009). 

One indication for this is the rediscovery of the dovetail connection in the 1990s for 

robotic manufacturing in Europe and North America. The rediscovery led to a focus 

on research on this connection, which finally resulted in technical approval e.g. in 

Germany (DIBt 2012). And the effort by e.g. Bobacz (2002), Dietsch (2005), Hochstrate 

(2000), Holzner (1999), Kreuzinger & Spengler (1999), Tannert et al. (2011) and 

Tannert et al. (2007) in this connection yielded a lot of understanding and established 

it for a multitude of applications, Figure 10a. Later on, the development of different 

wood-to-wood joints with robotic tools yielded designs, which show the great 

potential of wood-to-wood joints. Since then robotic manufactured wood joints have 

been used e.g. in the Tamedia office building and the Sequential pavillon, both in 

Zurich, Switzerland, or the ICD/ITKE pavilion in Stuttgart, Germany. The work 

mentioned inspired the concept developed in this study. Even more important were 

the design studies of Bürdek et al. (1998) and Avery (2014).  

Bürdek et al. (1998) proposed 50 joints manufacturable with three-axis CNC 

machinery and added information’s about the joints origin. This work powerfully 

emphasizes the possibilities of a CNC controlled router. Furthermore Bürdek et al. 
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supplied the computer-aided-data (CAD) files with the publication, which invites the 

designer to experiment with its work. Avery (2014) did a design study about wood 

joints and showed how he developed his form with the three axis CNC machinery as 

tool in mind – his approach and the approach Bürdek et al. approach led to the first 

designs of this concept.  

 
(a) 

 

(b) 

Figure 10. (a) Applications of the rounded dovetail connection manufactured with 5-axis CNC-
machine (Anonymous 2001). (b) By Polus-Tec, Japan manufactured rounded dovetail connection 

and gooseneck joint. 

Current development and research point towards an increased use of six-axis robots, 

which resembles a human arm and which were formerly most common in industrial 

contexts of manufacturing. For instance, the 30 research projects, which originated at 

ETH Zurich and presented by Gramazio et al. (2014), show new potential, for a new 

robotic design vocabulary and complex forms. But the project misses the chance of 

using wood-to-wood joints instead of screws or adhesives. Here, the recent work of 

Robeller, Mayencourt, et al. (2014) is more compelling since they developed snap-fit 

joints or dovetail joints for shell structures without glue (Robeller, Hahn, et al. 2014). 

Also, the work of Dank & Freissling (2013) in an educational project shows 

exemplary potential for designs. These developments might point to the conclusion 

that a concept of building a structure with a three-axis system looks deprecated, 

however, the proliferation of technology puts three axis CNC machines in 

everybody’s hands with a low investment. Meanwhile, even second-hand six-axis 

robots for use with rotary or other cutting tools cost at least 20000 Euro. Therefore, 

the design idea of the concept proposed in this study is still worth developing, 

because of its possibility of wider distribution. However ethical questions arise, if 

timber is used from unsustainable sources. 
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2.3. Ethical wood use 

Wood is the major renewable resource for construction. However the overuse of 

wood as fuel or building material had been a serious problem in Europe and is still 

globally a problem; 13 million hectares of forest were put to other use each year in 

the 2000s and 16 million hectares in the 1990s (FAO 2010). The problematic 

unsustainable overuse of forests lead to the Principles of Forest Management 

formulated at the RIO earth summit in 1992 by the UN. Indeed the overuse of wood 

as a global historical problem lead to the definition of sustainability and sustainable 

forestry as early as 1713 by Carlowitz.  

An important indicator for the sustainable use of the forest resources is distribution 

of the net change in forest area (Figure 11), which is globally uneven distributed. The 

in the study used wood materials were produced in Finland and Sweden. Finland 

and Sweden are countries with a very constant forest area and a very high forest to 

land ratio. Moreover, for the specimen used Swedish timber is Forest Stewardship 

Council (FSC), Program for the Endorsement of Forest Certification (PEFC) and the 

Finnish LVL is PEFC is certified; both certification schemes aim for sustainable and 

comparable forestry management.  
 

Figure 11. Net change in forest area by country, 2005–2010 (ha/year) (FAO 2010). 

The harvesting of trees is generally not sustainable, because the ecosystem is always 

destroyed or harmed, if a whole forest acre is clear cutted. But the impact can be 

reduced by avoiding the use of wood from old growth forests, which are often 

inhabited by rare animal species. Leaving rehabilitation areas in the forests can also 

support the recoverage of it. Furthermore the replanting of trees counters the loss of 

the wooden resource, but cannot compensate for the harvesting damage. 

Additionally timber recycling programs can reduce the need of wood for timber and 

reduce the stress on the forests. 
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Despite the stress for the ecosystem, regional and sustainable forestry allows for 

sustainable construction and is the alternative model versus concrete and steel 

construction, because wood stores more carbon than it emits and is renewable. 
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3. Material & Methods 
The performance testing of the wood joints under a compressive and tensile force is a 

first step in estimating the performance of structural system constructed with them. 

To estimate the deformations of the specimen finite element analysis and linear 

elastic calculation were used. The results of the tested specimen the finite element 

analysis and performance testing are verified by data obtained via digital image 

correlation. Anatomical features and the density of the specimen were acquired via 

reconstruction of computer tomography data.  

3.1. Performance testing 

Five thick and simple gooseneck joints are respectively tested in compression or 

tension i.e. 20 in total, to estimate the characteristic performance of them. The results 

are giving an indication of the performance and can be used to estimate how a 

Makerjoint structure behaves structurally. The results are also used as comparison 

data for the findings of the finite element analysis (FEA). Besides the performance of 

the tested wood joints the failure modes is documented and investigated with 

computer tomography (CT) images. 

3.1.1. Material  

As material for the nodes Metsä Kerto Q LVL from Lohja Kerto Mill with 200 mm x 

39 mm was used (DIBt 2011), because of its relative homogenous material properties 

compared to timber. Due to time efficiency the LVL was condition under 40°C and 

70% relative humidity (RH) to about 12% equilibrium moisture content (EMC) before 

manufacturing and testing.  

The beams are made of Scots pine (Pinus sylvestris L.) C24 EN 338 (CEN 2009) with a 

width of 100 mm and to the LVL corresponding thickness of 39 mm. Scots pine was 

chosen, because of its predominant occurrence in northern Sweden, where this study 

had been conducted. The beam specimen ends in the area of joining were mainly 

without disturbances e.g. cracks or knots. Some specimen had knot remains at the 

ends in the joint (Appendix A).  
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The averaged oven-dried density of all timber specimens measured via CT scanning 

was 437 ±2.6 kg/m³, coefficient of variation (CV) was 0.09 and for LVL 461 ±2.6 kg/m³ 

(Table 1). The measured density CV of the used pine is compared to Niemz (1993) 

about 0.03 lower than the average CV. Hence the density correlates e.g. with Young’s 

modulus and ultimate resistance, the full spectrum of natural inhomogenity may not 

be represented fully in this study. 

Table 1. Simple (SGJ) and thick gooseneck joint (TGJ) specimen density before testing in kg/m³ 
measured via computer tomography (CT).  

 
Compressive Tensile specimen 

SGJ 1. 2. 3. 4. 5. avg. 1. 2. 3. 4. 5. avg. 

ρPine 388 424 440 423 482 431 - 426 452 - 426 435 

ρLVL 431 480 456 495 463 465 458 468 453 463 448 458 

             
TGJ 1. 2. 3. 4. 5. avg. 1. 2. 3. 4. 5. avg. 

ρPine 448 464 378 544 449 457 443 385 427 433 444 427 

ρLVL 475 459 467 451 462 463 470 444 464 457 455 458 
 

 

3.1.2. Specimen dimensions 

The dimensions of the simple and thick gooseneck joint specimen are estimated 

previous to production and testing based on the balance between overall tensile 

versus compressive performance and characteristic strength of the beam and node 

material, Figure 12. The strength values as documented in EN 338 (CEN 2009) for the 

beam material and technical approval of Kerto Q (DIBt 2011) were taken to calculate 

the dimensions. 

In this study it was assumed that for the sole purpose of calculating the dimensions, 

stability, friction, horizontal reaction forces by the fillets and eccentricities of applied 

load is neglectable. Based on that the simple and thick gooseneck joint is designed 

according to historical examples. The joint length is limited to 120 respectively  

130 mm for the beam and node material. Consequently the shear area of the 

protruding area is similar as well. According to historic examples a compression 

space before the tenon head is introduced at the simple gooseneck joint. To reduce 

load on the tenon head of the simple gooseneck joint under compression load.  

The estimation of the specimen dimensions is reduced to the width of protruding 

areas. The dimensions calculated in this study were defined at first by the required 

width of the contact area, due to an applied tensile load. The tensile load was 

assumed to be equal to the shear resistance of the protruding area of the beam. 

Secondly the width of the neck area for the simple gooseneck joint under a tensile 
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load and the width under a compressive force for the thick gooseneck joint were 

calculated. That results in the remaining dimensions of the joint geometries in Figure 

12.  

 

 

Figure 12. Description of the Simple Gooseneck joint (left) and Thick Gooseneck joint (right). The 
beams (green) are made of timber and the nodes (yellow) are made of LVL (laminated veneer 

lumber). 

3.1.3. Specimen preparation 

Manufacturing the simple and thick gooseneck joint specimens for testing with a 

Morbidelli Author 600K CNC was done with the computer aided design software 

(CAD) Solidworks 2013 and computer aided manufacturing software (CAM) 

Alphacam 2013 r1. 

The simple and thick gooseneck joint specimens were drawn in CAD as previously 

defined. Those CAD-data were used as basis for FEA and digital production. For 

digital production the data were converted into 2D-CAD-data and transferred to the 

CAM software. Within the CAM software the machining parameters e.g. tool 

diameter, number of flutes, spindle speed etc. were set. Through the computer 

numerical controlled manufacturing process it was ensured that that the end grain 

surfaces was plane and parallel to one another as required in EN 408 (CEN 2012) for 

compression testing. And the test rick mounting holes for tensile testing were also 

ensured to be drilled with 0.05 mm precision.  
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3.1.4. Compression test 

Compressive resistance of the simple (SGJ) and thick gooseneck joint (TGJ) was 

investigated for a sample size of five joint per type, Figure 13. The conducted 

research in this study was based on EN 408 (CEN 2012). As written in the standard 

the EN 408 standardizes the testing of structural timber and not the testing of wood 

joints. The EN 380 (CEN 1993b) is for testing of timber structures and members of 

load bearing structures and proposes like the ISO 6891 (ISO 1983) an advanced 

loading scheme with the prerequisite of a numerical controlled hydraulic test system. 

For a time and cost efficiency the testing was conducted as proposed by EN 408 and 

Heimeshoff & Köhler (1989), they propose only to apply a constant and a relatively 

slow loading rate. 

 

Figure 13. Makerjoint test setup compressive (left) and tensile test (right). 

To measure on the specimen applied load a plane load cell with a measuring 

accuracy of one percent in relation to the maximum applied load as recommended in 

EN 408 (CEN 2012) was used. A constant load rate was applied parallel to the grain 

of the specimen. The specimen was positioned with aid of a level support in the 

testing rick to ensure that no bending moment is introduced by the applied load. The 

load was applied at a constant rate parallel to the grain based on EN 408 (CEN 2012) 

and determined by a previous dummy test. But the manual controlled pressure valve 

lead to inconsistency of the load rate and varying test times. During the test the 

displacement was also measured. 

The displacement was measured via two linear displacement sensors (LDS) attached 

to the sides of the specimen to reduce the effect of distortions (Figure 13). The 

measurement distance was 245 mm for the Simple and 265 mm for the Thick 

Gooseneck joint. As a limit for serviceability recommended by Heimeshoff & Köhler 

(1989) and ISO (1983) the applied load for a displacement of 1.5 mm was reported. 
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The applied load at ultimate failure was reported as well. The simple showed 

compared to thick gooseneck joint deviating two proceedings failures. 

Based on the load-displacement curve the slip modulus K as a parameter of the 

stiffness of the connection was calculated based on ISO 6891 (1983): 
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3.1.5. Tension test  

The simple and thick gooseneck joint specimens were bolted to the testing rick 

clamps. To reduce deformation at the area of clamping the LVL and pine was 

reinforced with Kerto Q LVL. One clamp was fixed mounted and the other tilt-

mounted to which also the load cell was connected. To ensure that no bending 

moment was introduced the mounts were aligned to test rick mounts, load cell and 

manually controlled. The load cell was the same as for compressive testing and as 

well in compliance with the requirements of EN 408 (CEN 2012). The load rate 

parallel to the grain and displacement was determined in the same way as for the 

compression test. 

But the distance between the two at the side attached linear displacement sensors 

was 845 mm. The applied load at failure and for a displacement of 0.5 mm was 

reported. Based on the load-displacement curve the slip modulus was calculated 

according to equation (1). 

3.1.6. Characteristic values 

In this study the performance of the simple and thick gooseneck joint was calculated 

as characteristic values based on EN 14358 (CEN 2006). Rather than by EN 384 (CEN 

2010), because EN 14358 covers fasteners and wood-products like the studied joints 

and allows for smaller sample sizes.  

The characteristic values were determined to compare the sample of this study with 

results of other joint and fastener tests. Confidence on the calculated characteristic 

values is generally low, due to the small sample size of five specimens per test and 

joint. Calculation of the characteristic value is done analogue as proposed by EN 
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14358 to determine the “lower one-sided confidence interval for the 5%-quantile” 

(Klöck 2004). At first the samples mean value y and then the standard deviation sy is 

calculated for the test values mi. The test values mi are assumed to be logarithmically 

normally distributed and independent (CEN 2006). The values y and sy are 

calculated for a sample size of five as denoted below: 

 
5

1

1
ln

5 i
i

y m
=

= ∑   (2) 

 
5

2

1

1
(ln )

4y i
i

s m y
=

= −∑   (3) 

Based on (2) and (3) the characteristic value mk is determined for a factor ks and 

confidence level of α = 75 %: 

 exp( )
k s y

m y k s= −   (4) 

The factor ks is tabulated in EN 14358 and for five samples ks is 2.46. 
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3.2. Computer Tomography (CT) 

X-ray computed tomography (CT) was used in this study to investigate the types of 

failure, oven dried density’s and growth characteristics of the specimen, Figure 14. 

CT is a non-invasive method to obtain image slices of a material. CT was developed 

by Hounsfield (1973), who made the first medical images. The CT images are used to 

visualize and measure the density of the wood specimen. The obtained density 

values have a high accuracy of 2.6 kg/m³ and that CT is a reliable method for wooden 

materials was e.g. shown by Lindgren (1991) and Lindgren et al. (1992). ImageJ is 

used to conduct the investigation of density, failure modes and growth 

characteristics of the CT data in two- (2D) and three-dimensions (3D) (Abràmoff et al. 

2004). For 3D investigations of knots, failure propagation or areas of high density the 

volume viewer plugin for ImageJ by Barthel (2012) was used.  

 

Figure 14. Positions of the measured oven-dried density of the simple and thick gooseneck joints 
after compressive (a) and tensile (b) testing. 

The oven dried density of the specimen was measured in the image slices as 

visualized in (Figure 14). Oven drying of the specimen was conducted in accordance 

with EN 322 (CEN 1993a) by storing them under 98± 3 °C for approximately three 

days until constant mass was measured. From the images obtained density values 

are than averaged and compared to the performance of the wood joints. Due to 
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interferences in the CT some specimens density could not be obtained after drying 

and are reported missing. 

The CT images are also used to manually investigate growth characteristics, the 

failure modes and crack propagation of the joints e.g. areas of densification might 

indicate weaknesses of the material or high stresses during testing. This is achieved 

by reviewing the slides and the photo documentation of the failures. 
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3.3. Digital Image Correlation (DIC) with Ncorr 

Two-dimensional digital image correlation (DIC) is a method to measure surface 

displacement and strain of planar surfaces. This method is based on a mathematical 

correlation between images taken before and after deformation of the specimen in a 

region of interest (ROI). In the ROI DIC allows measurements equivalent to 

hundreds of linear displacement sensors (LDS), is capable of capturing localized 

deformations and strain fields, which would not be possible with traditional 

instruments e.g. LDS (Muszyski 2006). Specifically the DIC method implemented in 

Ncorr was used to investigate displacements in beam-direction and occurring failure.   

 

 

Figure 15. Schematic DIC mapping the reference to current subset. 

Initially DIC was proposed by Peters & Ranson (1982). Shortly after Sutton et al. 

(1983) developed numerical algorithms and showed with experiments that DIC was 

a feasible method to determine surface displacements, strains with optically recorded 

images (Sutton et al. 2009). One limitation of DIC is the missing depth information. 

The method requires predominant in-plane displacement of the specimen. Otherwise 

out of plane movement will introduce error. Therefore three-dimensional digital 

image correlation (3D-DIC) was developed. But out of plane movement was 

assumed to be negligible small. Therefore in this study a two-dimensional DIC 

solution was used. 

Other methods e.g. photo elasticity (Jasieko et al. 2006), moiré interferometry, 

holography interferometry require extensive setup and specimen preparation. 

To perform DIC the free open source program Ncorr was used (Blaber et al. 2015). 

Other solutions are often commercial DIC solutions e.g. by Correlated Solutions, 

Dantec Dynamics and GOM. But the initial procurement and further upgrade costs 

for commercial software solutions are high compared to open source software. 

Furthermore Ncorr already delivers good results compared to commercial solutions 
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as Ramesh & Ramji (2014) showed. This is achieved by calculating the displacements 

with incremental reliability-guided digital image correlation (RG-DIC) technique by 

Pan et al. (2012). 

To conduct DIC with Ncorr the specimens are prepared for investigation; images of a 

deforming specimen are taken; region of interest (ROI) is defined; the images and 

ROI are the inputs for Ncorr; DIC parameters are set. Than Ncorr tries basically to 

establish a correspondence between points in the undeformed reference image and 

deformed current images. This is achieved by comparing the position of many 

subsets in the reference and current image. Mapping the reference and current subset 

the displacement and strain is estimated, Figure 15. Based on the subsets continues 

displacement/strain fields are calculated.  

3.3.1. Specimen preparation 

As preparation for DIC the surfaces of the beam specimen were planned. Than the 

specimen were painted white with regular wall paint and the speckle pattern was 

applied with black spray paint (Chu et al. 1985).  

Applying an artificial speckle pattern to specimen is not the only option for DIC with 

wood. The natural pattern of wood can also be used. Using the natural pattern of 

wood is advantageous due to simpler specimen preparation and would also allow 

fast industrial application. But the use of the natural pattern with Ncorr was not 

publically documented. Therefore the proven approach of applying a speckle pattern 

with spray paint was deployed.  

3.3.2. Camera setup 

The images for DIC were taken with a digital single lens reflex camera (DSLR) and a 

50 mm lens positioned on a tripod approximately 70 cm in front of the tensile and 40 

cm above the compressive specimen, Figure 16. The specimen was illuminated by 

two white light sources to achieve constant light conditions to take the images. The 

images are taken with a Canon EOS 5D with 12.8 million pixel (MP), which would 

allow a resolution of 4368x2912 pixel (px). The image resolution for the tensile 

specimen is approximately 0.13 mm/px and for the compressive specimen is 

approximately 0.15 mm/px. An image was taken every two seconds in the lossy 

compression format JPG (ISO/IEC 1994) to reduce file size and allow for continues 

capturing of the specimen surface. 
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Figure 16. Schematic digital image correlation camera setup. 

JPG is a lossy compression format and disadvantageous for DIC, because of small 

artifacts generated by the compression algorithm of JPG. The influence of artifacts 

was neglected, due to objection of the study only to give an indication of 

displacements and strains. A better solution for capturing images with the described 

setup would be to store uncompressed raw modes with the drawback of a smaller 

possible rate of captured images per second. Furthermore the lens distortions should 

be taken into account for higher accuracy images and displacement fields.  

3.3.3. Processing Images  

After acquiring the images, DIC is done via the following steps: set reference image, 

set current images, set region of interest (ROI), set DIC parameters, DIC Analysis, 

format displacements and calculate strains (Blaber et al. 2015). 

The ROI is an image of the same size as the reference image. And describes the 

region of the image where deformation occurs and should be calculated via DIC.  

Subsequently DIC parameters are set i.e. subset radius, subset spacing, solver type, 

norm of the difference vector, number of iterations, seed position, displacement units 

and correlation cut-off, Table 2. Defining values of subset radius and spacing to 

achieve low noise is an iterative process. The sub-set radius is chosen as small as 

possible, because a large subset radius has a smoothing effect. But the subset radius 

has to be large enough that no noisy displacement data is computed. To reduce 

computation time the spacing between the subset is defined, of course resolution of 

the full-field displacement decreases with increasing subset spacing.  

Next the multiple seed points are selected and are used as starting point for the 

calculation of the displacements i.e. the seed point is the initial guess for the RG-DIC 

analysis and should be a point with a good identifiable speckle. Furthermore the 

seed points divides the ROI for parallel processing and the generated region are 

made of simple geometric shapes.  

Table 2. Ncorr settings for analyses of tensile and compressive Makerjoint specimen. 
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Analysis title Tensile Compressive 

Subset Radius (px) 10 10 

Subset Spacing (px) 1 1 

Diffnorm Cutoff 1e-06 1e-06 

Iteration Cutoff 50 50 

Number of seeds 6 6 

Step Analysis No No 

RG-DIC Subset Truncation No No 

Strain radius (px) 5-10 5-10 

Strain Subset Truncation No No 
 

 

Then the DIC calculation is conducted by Ncorr. To ensure the correct calculation of 

the full field displacement the seed points are checked manually before calculations 

starts. The checked values are number of iterations and norm of difference vector 

does not exceed the cut off value. As also the correlation coefficient is checked for 

each current image and should be small as possible to assure that the correct speckle 

is tracked. In case the seed points are not successfully tracked new seed points are 

defined or the subset radius is increased. 

 

Figure 17. Setting strain radius for a point of measurement in the full-field displacement (a) by 
visually evaluating the strain distribution for strain radius of 15 (b) and 4 (c). It seems that (c) is a 

better fit to the strain plane than (b). 

Finally the results are formatted by removing noisy displacement data by setting the 

cutoff. Displacement unit are set in per pixel in mm. The lens coefficient is set to zero.  
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3.4. Finite Element Analysis (FEA) with Solidworks 

In order to discuss the experimental results further, estimate the displacement of the 

specimen and analyse failure modes Finite-Element-Analysis was deployed. Finite 

Element Analysis (FEA) is an in the Solidworks 2014 software implemented method 

to estimate e.g. stresses, strains and displacements of an object subjected to a load. 

Specifically static linear elastic FEA was used to evaluate, if displacement between 

physical testing and calculation agree. And to test, if FEA can be used for linear 

elastic computer based wood joint design. To reduce the complexity of the FEA the 

3D model was chosen to be represented by a 2D FEA-model, because forces acting 

normal (in z-direction) are neglectable (Figure 18). Furthermore friction between 

elements was also not simulated; because of it is neglectable influence in the linear 

elastic area of the joints. 

 

 

Figure 18. Schematic visualisation of FEA. (a) shows the basic model, (b) discretised (meshed) 2D 
simplification of the model and (c) the deformed model (red is big, blue stands for small 

displacement) . 

Static linear elastic FEA is based on the assumptions that permanent deformation 

does not occur and the applied load is proportional to the deformation. These 

assumptions are also known as the generalised Hooke's law. Hooke’s law is only 

valid as a good approximation for the tested wood joints until structural damages are 

introduced into the specimen, Figure 19. And investigations have shown those 

assumptions are valid for the orthotropic wood (Bodig & Jayne 1993; Dinwoodie 

2000; Kollmann 1967).  
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Figure 19. Schematic linear and non-linear area of solid wood under a compressive or tensile force. 

The use of Hooke’s law for wood composites makes according to Bodig & Jayne 

(1993) simplifications necessary: 

“1. Only small deformation is allowed 

 2. The composite is maintained at a uniform temperature throughout  

 3. The material is homogenous and of uniform density 

       4. There is no coupling between stress components” 

But for example the strict application of the third point would restrict the 

applicability to wood very much. Therefore Bodig & Jayne (1993) are assessing that 

these restriction cannot be followed strictly, when applying Hooke’s law to practical 

problems like calculating the displacement of wooden materials in a joint under an 

applied load.  

One description of Hooke's law for orthotropic materials in two- and three-

dimensions can be displayed in matrix form, Figure 20. The indices are referring to 

stresses acting on the surface of an idealized cube. The normal stresses are 

perpendicular and shear stress parallel to the surfaces, Figure 21. 
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Figure 20. Matrix form of Hooks law for 2D (a) and 3D (b) orthotropic materials (Kreuzinger 2012).  
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FEA is used to calculate displacements, stresses and strain energy based on 

orthotropic material behavior. This is done by application of Hooke’s law so that 

external forces are equal to the stiffness multiplied by displacement (external forces = 

stiffness * displacement). Therefore the external forces have to be known e.g. by 

measuring via a force gauge. The stiffness is a result of the material properties and 

geometry of the object. Based on the force and stiffness FEA calculates the 

displacement. The stresses, reaction forces or strains are calculated based on the 

displacements.  

 

Figure 21. Stress components in 2D plane (a) and 3D solids (b). 

Within FEA the specimen is approximated or discretized by finite elements. Those 

finite elements are described by nodes. Those nodes are connected to neighboring 

nodes and together form a mesh. Necessary steps for FEA in Solidworks are: a) 

define geometry b) creating simulation study c) apply fixtures and loads, d) define 

material properties e) discretize the model and f) determine solver. 

3.4.1. Geometry  

To calculate the mesh in Solidworks the representation of the tested specimen 

(geometry) is defined. To achieve accurate results, the geometrical data from the 

production step of the joints was used one to one with one important difference the 

length of the specimen was reduced to match with the space between the transducers 

(Figure 13). Furthermore the geometry was two-dimensional simplified, because it is 

assumed that stresses in z-direction are neglectable small (Figure 19). The advantage 

of simplifying the geometry is the reduced amount of unknown variables. Therefore 

calculation and mesh generation time is decreased.  
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3.4.2. 2D simplification study 

The FEA for this study was started with the earlier stated assumption that forces 

acting normal (in z-direction) are neglectable (Figure 18). To define this assumption 

in Solidworks the simulation study is set up as a static study with 2D simplification 

(Table 3). A 2D simplification study has to be further defined; the geometry of the 

specimen is relatively thin compared to its length, therefore the study type plane 

stress is chosen. Furthermore the section depth of 39 mm derives from the thickness 

of testing material. 

 Table 3. Initial parameters of the simulation study. 

 Parameters 

Type static 

Options Use 2D simplification 

Study Type Plane stress 

Section plane XY-plane 

Section depth 39mm 

3.4.3. Component contact 

After the simulation is created component contacts of the surfaces are defined. 

Solidworks has three types of component contacts. The first component contact is 

bonded (Figure 22a), if applied all forces are transferred between the element 

surfaces. The second one is allow penetration and allows the translation of two parts 

in each other without reaction forces (Figure 22b). The last contact option does not 

allow penetration and only compression forces are transmitted in a contact situation, 

if friction is not enabled (Figure 22c).  

 

Figure 22. Component contact options for finite element analysis in Solidworks: (a) bonded contact, 
(b) penetration allowed and (c) no penetration (based on Dassault (2012)). 

The no penetration option in the simulation study of the simple and thick gooseneck 

was used between the node and beams to transmit the compressive reaction forces, 
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introduced by tension or compressive forces. A bonded contact condition was set to 

join the parts of the node and beam. 

3.4.4. Fixtures and applied load  

Before a mesh is generated the supports and loads have to be applied. The general 

sets of fixtures for static studies e.g. fixed, roller slides, symmetry, fixed hinge etc. are 

applicable in Solidworks (Dassault 2014). The fixed bearing was applied to the LVL 

node (Figure 23); due to the ideal centric applied load a momentum is not 

introduced. For compression modelling a stiff metal plate was added to have a 

consistent flow of force from the applied load into the specimen, Figure 23b. The 

metal plate is supported by a horizontal roller slide. The interphase between metal 

plate and beam was modelled to be without friction and no penetration by that no 

tension perpendicular to the grain is introduced. Next material properties were 

assigned to those elements of the geometry. 

 

Figure 23. Sketch of fixtures and applied loads for FEA under tensile (a) and compressive load (b). 
The grey/black lines in the models indicate sensors for measuring stresses and deformation.  

3.4.5. Material properties 

The Material properties are used by FEA to establish the mathematical model to 

calculate displacements. In the conducted study the material properties are linear. 

The values which are important for displacement calculations are Young’s moduli 

(E), the Poisson ratio (ν) and shear moduli (G) (Table 4). As source for the material 

values the commonly excepted EN 338 (CEN 2009) and values cited by Niemz (1993) 

based on DIN 1052 were taken. Niemz mentions the common reduction of the shear 

modulus by 2/3 this is combined with the values of EN 338. The test and FEA results 
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are compared by calculating the approximation error for the mean load and 

displacement for 40% of the maximum load. To calculate the true displacement for 

40% of the maximum load and not initial slip the load displacement curves are 

adjusted as described in Figure 24. The influence of the Poisson ration is commonly 

neglected in FEA and is set to zero. Furthermore time dependent behaviour e.g. 

creep and visco-elastic material properties of wood are also neglected to simplify the 

model. 

Table 4 Elastic properties for linear two-dimensional orthotropic finite element analysis of the 
simple and thick gooseneck joint in Solidworks. 

  Pine C24 Kerto Q Units 

 Name EN 338 EN 338 + Niemz Niemz Kerto 
 

Source (CEN 2009, p.7) 
 

(Niemz 1993, 
p.154) 

(DIBt 2011) 
 

Ex 11000 11000 10000 10500 N/mm² 

Ey 370 300 300 2000 N/mm² 

νxy 0 0 0 0 - 

Gxy 690 460 500 500 N/mm² 

E: Young’s modulus, ν: Poisson ratio, G: shear modulus 

The material property values characterize the deformations under assumption of 

Hooke’s law, but do not describe when the material is likely to fail. For that failure 

criterion are formulated e.g. Tsai & Wu (1971), Tsai-Hill (Azzi & Tsai 1965), Hoffman 

(1967) or Norris & others (1950). Solidworks does not implement any of those for the 

type of conducted investigations. A future study could benefit from the Tsai-Wu 

failure criterion, if the test setup is modelled as a composite of orthotropic shells.  

 

Figure 24. Scheme of test data adjustment for finite element analysis (FEA) comparison. 
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3.4.6. Mesh  

Based on the established geometry, fixtures, applied load and material properties the 

mesh is generated. Meshes are the result of discretization of a model and are the 

starting point for FEA. Discretization means the approximation of the model by 

elements, which are described by nodes; those elements form a mesh. Solidworks has 

two methods implemented for mesh generation. 

3.4.6.1. Voronoi-Delaunay and curvature-based meshing 

In Solidworks two types the Voronoi-Delaunay and curvature-based mesh 

generation methods are implemented.  

The Voronoi-Delaunay method basically generates automatically a polygon based 

mesh via the Standard Mesher option in Solidworks. The Voronoi-Delaunay method 

comprises two methods the Delaunay triangulation (Delaunay 1934) and the Voronoi 

diagram (Voronoi 1908). The concept of Voronoi diagram was first mentioned by 

Descartes (1596-1650) in his Principia Philosophiae (Frey & George 2010). Later 

Dirichlet (1805-1859) revised Descartes idea and his diagram was called Dirichlet 

tessellation (Lejeune Dirichlet 1850). The Dirichlet tessellation is dual to the Voronoi 

diagram, which is the union of Voronoi regions.  

 

Figure 25. Voronoi diagram (a) and Delaunay triangulation (b) (Zienkiewicz et al. 2013). 

The process of mesh generation for the Voronoi-Delaunay method is e.g. explained 

by Zienkiewicz et al. (2013); the Voronoi regions are formed by so called forming 

points and contain all points which are as least as close to the forming point as any 
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other point. The points belonging to two Voronoi regions are the forming edges of 

the Voronoi regions (Figure 25). By connecting the forming points of the neighboring 

Voronoi regions the Delaunay triangulation is formed and a mesh is generated.  

The draft mesh option in Solidworks is closest to the result of this algorithm and is 

also called first order mesh (Figure 27a). The result is improved by adding an extra 

node in the middle of each edge (Figure 27b), which is done via the standard mesh 

option in Solidworks and is called second order mesh. From a static analytical point 

of view a draft node describing a linear element is stiffer than a node of a standard 

triangular element. Calculations based on draft meshes yield less accurate results, 

due to the lower number of nodes in draft meshes and the higher stiffness 

represented by the nodes. The advantage of draft meshes are faster calculations, 

because a model with the same number of elements has fewer nodes. But for more 

accurate calculations meshes formed out of so called higher order element e.g. 6 

nodes are used. These two mesh types can be and are used for FEA, but have the 

disadvantage of not representing curved areas e.g. notches or circles as good as a 

curvature based meshes (cf. Figure 27). 

 
 

Figure 26. Different elements types for Solidworks mesh generator in 2D 

A refinement of the linear meshes is the curvature based mesh. This algorithm is able 

to discretize curved surfaces and volumes better than Voronoi-Delaunay based 

meshes and to reduce the geometric approximation error (Azzi & Tsai 1965) e.g. 

Figure 27 gives an visual example of the differences. This is achieved by generating 

finer meshes in highly-curved and coarser meshes in areas of low curvature. The 

result reduces the gap between the mesh edge and curve of the model surface (Frey 

& George 2010). Furthermore the curvature based mesh in Solidworks supports 

multi-core processing, which decreases meshing time on multicore processors.  
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Due to the lower geometrical error, compared to Voronoi-Delaunay based meshes 

and multi-core processing support the curvature based meshing algorithm is chosen 

in this study. 

 

Figure 27. Four meshes of the same geometry. (a) and (b) have a Voronoi-Delaunay mesh; (c) and (d) 
have curvature based mesh. From (a) to (b), (c) to (d) and (b) to (d) the geometric error of the 

discretization is reduced by the size of the mesh elements or meshing method. 

3.4.6.2. Curvature based meshing in Solidworks 

The curvature based mesh in Solidworks is determined by parameters for the 

minimum, maximum width of a mesh element, the number of elements in a 

hypothetical circle and the growth ratio, Figure 28 (Dassault 2014). The mesh width 

parameters are defining the maximum and minimum size for a mesh element for 

boundaries with lowest and highest curvature. The number of elements in a 

hypothetical circle defines that, if a circular model part is meshed that it is comprised 

out of at least n elements. In Figure 28 the quarter circle consists out of two elements 

for n equals eight. The element size growth ratio describes how much bigger the next 

element from a finer mesh section can be e.g. a value of 1.5 indicates that the next 

element can be 50% bigger than the previous element. For the conducted studies the 

following values in Table 5 had been used. Those values were validated by checking 

simulation results and mesh quality. 

Table 5. Mesh parameters for static study 

 Settings 

Maximum element size 2 mm 

Minimum element size 0.1 mm 

Min number of elements in a circle 36 

Element size growth ratio 1.1 

Compatible mesh yes 
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Figure 28. Mesh parameters and importance for a curvature based mesh in Solidworks  
(Dassault 2014). 

3.4.6.3. Compatible and Incompatible Meshes 

The compatible mesh option forces the mesh-generator in Solidworks that meshes of 

different e.g. parts, surfaces are matching each other node to node. These results are 

more accurate results than incompatible meshes (Dassault 2014). In incompatible 

meshes the nodes of different parts are not necessarily matching each other. 

Additional the compatible meshing option constraint equations are formulated by 

the software to ensure that the parts are bonded (Dassault 2014). However this 

eventually results in stress concentrations along meeting parts. Due to the more 

accurate results and no possible stress concentration along meeting parts the 

compatible mesh option was chosen. 

3.4.6.4. Mesh Quality 

The generated mesh is a crucial step for FEA, because based on that and the 

boundary conditions (load and bearings) the stiffness matrix is formed. And 

generating the mesh is usually an iterative process and the FEA results depend on 

the mesh quality. Therefore the quality of the mesh should be verified. For 

verification of the mesh Solidworks offers several in this study used tools: 

• Jacobian check 

• Aspect Ratio 

• Manual convergence checking 

• Contour quality 

• Comparing nodal and elemental result plots 

• Estimated error in energy norm 

• Convergence test of calculated results 

• Incremental meshing options 
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Jacobian check 

The Jacobian check is a method to calculate and plot how distorted mesh elements in 

a study with parabolic elements e.g. generated via curvature-based mesher 

(Kurowski 2012). A straight mesh element (Figure 26) has a Jacobian ratio of 1. 

Meanwhile with increasing curvature the Jacobian ratio increases. A value of 40 is 

according to the Solidworks reference an acceptable ratio (Dassault 2014), if the 

Jacobian ratio is smaller than 1 the meshing is terminated by Solidworks. For 3D 

simulations Solidworks allows to set the number of Jacobian points from which the 

ratio is calculated, but for 2D studies Jacobian points are predefined. Solidworks 

allows for a statistic investigation for solid meshes, which is not available for 2D 

simplifications. A visual assessment via a plot is possible for all types of study and 

shows clearly areas with a high Jacobian and normal value, Figure 29. But for planar 

2D meshes Jacobian ratio higher 40 i.e. self-intersecting element, is seldomly 

computed. 

 

Figure 29. Jacobian check plot (a) showing a distorted element to the right and regular element to 
the left. Below is the checked mesh (b). 

Aspect ratio 

FEA accuracy is highest with uniform triangular elements, because the calculation 

error is lowest. If elements with long and short edges are generated the calculated 

results are most likely not accurate. Therefore an aspect ratio check is performed. The 

aspect ratio is defined as the ratio between the longest and shortest normal/edge in 

an element, Figure 30. Solidworks offers an aspect ratio statistic and an aspect ratio 

plot to investigate the mesh quality in respect to this feature. The aspect ratio statistic 

states the maximum, the percentage of elements with an aspect ratio smaller three 

and higher 10. But this feature is only available for solid meshes and not for 2D 

simplifications. The plot allows a visual investigation of the aspect ratio (Figure 30). 

In areas with high stresses the aspect ratio should be smaller than three and not 

higher than 10.  
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Figure 30. Aspect ratio (AR) is calculated according to edge length (a) and normal length (b) (based 
on Dassault (2012)). (c) Shows an aspect ratio plot with a nearly ideal element to the left in blue and 

an element with a high aspect ratio of 16.62 to the right in red.  

Contour quality  

The contour quality is an indicator for mesh quality and checked by visually 

investigating a stress plot with the fringe option set to discrete, Figure 31b. The fringe 

option defines what kind of color fill method is used. Setting the fringe option to 

continue (Figure 31a) results in smooth shaded contours and set to discrete in 

discrete shaded contours (Figure 31b). Through the discrete shaded contours and 

compared to the smooth shaded contours discontinuities can be identified and give a 

lead for further investigations. During this study no discontinuities had been 

identified with this method.  

 

Figure 31. Checking contour quality for continuity to asses mesh quality. By comparing the stress 
plots with fringe option set to continuous (a) and discrete (b). The (b) plot shows no significant 

discontinuities.  
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Comparing nodal and elemental result plots 

SolidWorks offers a nodal and elemental stress result plot, which can be used to 

visually assess if a model is sufficiently well defined by the mesh. Result plots are 

calculated as so called Gauss points. Second order mesh elements like in a planar 2D 

mesh for example generated via the curvature-based mesher have three Gauss points 

(Figure 32).  

 

Figure 32. Simplified representation of mesh nodes and gaussian points. (based on Dassault (2012)) 

Nodal result plots are calculated by extrapolating the results for the Gaussian points 

to element nodes. An element node shared by different elements is calculated by 

averaging the extrapolated results of each element node. Thereby an averaged stress 

result from the adjoining elements is calculated. So that the nodal appears smooth 

compared to an elemental stress plot, Figure 33a (Dassault 2012).  

The elemental stress plot returns an averaged value of all Gaussian points in each 

element. Falsely they are often called non-averaged, because the value is only 

averaged within the element (Dassault 2012). 

 

Figure 33. Nodal result plots of a tenon head part shows the averaged stress from neighbouring 
elements (a). Elemental results show the averaged results from the elements gauss points (b). 

Ideally there should be very similar. 
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Through the two different calculation methods for nodal and elemental stress, the 

results are always different, but huge difference indicate the necessity to redefine the 

mesh e.g. Figure 33 shows a good correspondence between nodal and elemental 

stress plots, in a region with high peak i.e. notch stresses. But in case the 

correspondence between the two plots is not given the areas should be investigated. 

Estimated error in energy norm 

The energy error norm plot is a tool to investigate the stress difference between 

neighboring elements. This is necessary, because the stresses and strains are 

independently computed according to the previously calculated displacements 

(Dassault 2014). Ideally the energy error norm value should approach zero, but 

especially in areas of discontinuities e.g. notches high error is calculated. A high error 

indicates that convergence in the FEA is not accomplished and the area should be 

investigated. The energy error norm plot can also be used to track changes, if the 

mesh is redefined e.g. to reduce error. However in the conducted studies for this 

thesis this was not relevant and the error in energy norm approached zero. Due to 

identical stress values at common nodes.  

Convergence test of calculated results 

Recording the results of FEA for changed parameters e.g. material properties, fixture 

or mesh parameters as in Figure 34 is a method to track changes and visualizing 

them. The plot of Figure 34 is one example of such visualization and clearly shows a 

converging trend for each refinement of the mesh towards a total displacement of 

approximately 0.5 mm. This method was regularly deployed to verify the quality of 

the FEA study and if changes are converging as estimated. 
 

Figure 34. Total displacement for convergence plot for a tensile finite element analysis of a simple 
gooseneck joint. 
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Incremental meshing options 

An alternative to manually changing mesh parameters are automatized redefining 

methods for meshes like the h-adaptive and p-adaptive mesh generator implemented 

in Solidworks. Both methods iteratively change the mesh settings based on the 

estimation of the error in energy norm (Dassault 2014; Zienkiewicz & Zhu 1987). But 

the h-adaptive solution refines the mesh density in areas with a high error. 

Meanwhile the p-adaptive solution adjusts the polynomial order of the mesh element 

and by that also reduces the geometrical error. A more detailed description of the 

method can be found in (Dassault 2012). Due to the 2D simplification even a very 

fine mesh is calculated quickly. Therefore this method was not deployed. 

3.4.7. Solver 

Solidworks offers two direct and one iterative solver for calculating the displacement 

of the by the mesh generator established linear algebraic equations, also known as 

mathematical model. The Large Problem and Direct Sparse solver are using “exact 

numerical techniques” (Dassault 2012). The direct solvers are recommended for 

models with no penetration contact and parts with highly different Young’s 

Modulus. The Direct Sparse solver is the oldest and most robust solver in Solidworks 

especially, if many contact sets are defined. The Large Problem Direct Sparse solver 

reduces the necessary memory for solving the equations and allows for calculations, 

which would exceed the physical available memory, if using the Direct Sparse 

method (Dassault 2014). 

The FFEPlus solver in Solidworks is an implicit integration method and 

approximates a solution by iteratively reducing the error until a user set error 

threshold is reached. The FFEPlus is advantageous for models with more than 100000 

nodes and contact situation are simple e.g. bonded, penetration allowed. But, if the 

model has sharp edges, other discontinuities or many contact sets generally the 

direct solvers should be chosen. (Dassault 2014) 

During the study the Direct Sparse solver delivered accurate results and in contrast to 

the FFEPlus did not crash and was faster than all other Solidworks solvers. Therefore 

the Direct Sparse solver was used. 
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3.4.8. Verification of results  

One possibility to validate the made assumptions and simplifications in this study 

was to compare the FEA estimated displacements with performance testing results. 

This is achieved by shifting the performance data results to the origin, Figure 24. 

Then the displacement for 40 percent of the applied load of FEA and performance 

testing are compared. The difference of the comparison is expressed as percentile 

difference to the averaged performance testing results. 

Another way is to verify or to limit the results of stress sensors with the estimated 

stresses as described in chapter 3.4.9 about linear elastic analysis.  

3.4.9. Linear elastic analysis 

To verify the stress and displacement results of the finite element analysis (FEA) 

those stresses and displacements are approximated either via linear elastic equations 

or equivalent static system. 

3.4.9.1. Stresses 

Normal and shear stresses in characteristic areas of the wood joints were 

investigated, Figure 35. Neglected are the influences of friction and non-linear 

material behaviour. The influence of friction in the linear-elastic region of testing is 

neglectable small, because the contact surfaces are plane and not angled as e.g. 

dovetail joints.  

 

Figure 35. Estimated stresses of simple (a) and thick gooseneck joint (b) for ultimate load design and 
to verify FEA in characteristic areas. Straight lines are contact surfaces and dashed lines are stresses 

in the body. 
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Non-linear material behaviour was neglected, because of its small influence in 

tension. Furthermore stability is not measurable on such small specimen, because 

geometric imperfections or deformations due to swelling and shrinkage are ruled 

out, due to the short time between manufacturing and testing.  

The normal stresses are calculated based on linear-elastic material theory via 

equation (5). Shear stresses are calculated accordingly based on equation (6). The 

bending moments introduced due to eccentricities is neglected in the investigation. 

Subsequent the results are compared with measurements of the finite element 

analysis results. Noticeable is the high influence of singularities and notch stresses on 

the result, because in Solidworks the measurement tool is averaging single 

measurements. 

/

σ: Normal-stress

F: Applied tensile (t) or compressive (c) force

A: Area of cross-section

c t
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3.4.9.2. Displacement 

Based on the applied load the specimen deforms. Characteristic displacements are 

calculated based on linear elastic theory and by approximating the specimen by an 

equivalent static system, Figure 36 and the material properties by Niemz in Table 4. 

The total approximated displacement is calculated by the sum of each idealised 

displacement element as illustrated in Figure 36. For estimations of the specimens 

compressive total displacement a spring model based on Hooke’s law is formulated: 
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σ: stress

E: Young's modulus

ε: strain

δ: displacment 

l: length of the segment

F: applied force

k: spring constant
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                                  (7) 

Moreover for tensile load case the displacement of the protruding areas is included: 

tan

τ: shear

G: shear modulus

γ: shear strain

x: transverse displacement

l: initial length (width of the protruding area)

x
G

l
τ γ γ γ ∆= ⋅ = =

∆

  (8) 

Clearly such a systems neglects deflection and non-uniform load transfer. Therefore 

the equivalent system can only be a bad estimator and be used lower limit. 
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Figure 36. Approximated equivalent system for compressive/tensile load on simple (a/c) and thick 
gooseneck (b/d) joint specimen including shear in the protruding areas (prod). 
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4. Results & Discussion 
The results show high compressive and seven times lower tensile strength. The 

displacement results for the specimen of the finite element analyses are within ± 10% 

for compressive and ± 4% for tensile specimen compared with the test data. The full 

field displacements of the specimen show failure propagation very well for the 

compression test. The test results: load-displacement curve, horizontal full-field 

displacement at significant points, significant CT images are summarized in 

Appendix A. The raw data can be accessed as described in Appendix B. 

4.1. Compression 

The conducted investigation showed a mean compressive strength of 100.6 kN for 

the simple, respectively 131.4 kN for the thick gooseneck joint connection. 

Compression failure did not occur abrupt and was visualized by full field 

displacement measurements and CT-image evaluation.  

4.1.1. Load-displacement behaviour and failure 

The load-displacement behaviour of the simple (SGJ) and thick gooseneck (TGJ) joint 

is slightly different. Instead of five the thick gooseneck joint has four phases, because 

the load-displacement curve of the simple gooseneck joint shows a distinctive saddle 

point after the linear elastic phase, Figure 37. The five phases of the load 

displacement curve of the simple gooseneck joint are as follows: 

SGJ Phase I: initial alignment – remaining spaces between beam and node 

after assembly are compressed. 

SGJ Phase II: linear elastic behaviour – force and displacement relation is 

linear. No splitting or other damages are observed.  
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Figure 37. Simple gooseneck joint compressive failure phases.  

SGJ Phase III: first breakage – force and displacement is not constant. 

The beam buckles under crackles at its thinnest cross-section, non-

recoverable deformations are observed, Figure 45.  

SGJ Phase IV: ultimate failure, pre peak – force-displacement relation 

raises with a lower slope than in Phase II. Splitting of the beam 

outgoing from the node head is observed. But splitting did not occur 

for the applied load at 1.5 mm displacement (F1.5). This may indicate 

that the beam will not split under service condition, which is assumed 

to be at the end of Phase II. Compressive and tensile failure at the 

beams thinnest cross-section occurs, Figure 38. The ultimate failure is 

usually accompanied by an inflection point. High deformations of the 

contact surface between press and specimen are observed.  

SGJ Phase V: post failure – resistance decreases continuously under 

large displacements, further splitting and crashing of the beam occurs. 

The node densifies at the edges and at the end of the beam. Through 

the investigation aim the test was stopped shortly after Phase IV, but 

due to the remaining material and specimen appearance load capacity 

remains. 
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Figure 38. Simple gooseneck joint (SGJ) compression failure pattern images: end of phase IV (a) 
tensile failure due to a bending moment, (b) splitting of wood due tension parallel to grain; Phase V 

excessive non recoverable deformations and splitting, (c) compressive failure in upper part. 

The load-displacement curve of the thick gooseneck joint is similar to the simple 

gooseneck joint, but it is divided in four phases, Figure 39. The phases are visualized 

explanatory with full field displacements in Figure 46. 
 

 

Figure 39. Thick gooseneck joint compressive failure phases. 
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TGJ Phase I: Initial alignment – remaining spaces between beam and node 

after assembly are compressed. 

TGJ Phase II: linear elastic behaviour – force and displacement relation is 

constant. 

TGJ Phase III: ultimate failure, pre peak – the slope of the load-displacement 

curve decreases. This phase is accompanied with visual compression cracks 

in the beam neck, Figure 40 and 46. Occasionally kinking of the beam was 

observed. At the end of this phase the measured force decreases and 

displacements increases. 

TGJ Phase IV: post failure – the load-displacement curve drops after the 

peak. Heavy deformations of the contact surface between press and specimen 

were observed, Figure 40.  

Comparing the load-displacement curves shows that the simple and thick gooseneck 

joint assemblies did not fail in the sense of total loss of the load capacity of the 

specimens. In fact it seems that the joints have a high remaining load capacity, which 

is typical for timber structures under compressive load as e.g. the Japanese 

traditional semi-rigid framing houses during earthquakes have shown (Amino 2004).  

4.1.2. Strength and slip modulus 

In comparison to other joints high compressive strength and slip modulus 

characterise the simple and thick gooseneck joints. The mean compressive strength of 

the thick gooseneck joint is with 137 kN 35% higher than the simple gooseneck joint 

with 101 kN, Table 6. Also the simple and thick gooseneck joints resist high ultimate 

stresses of 26 N/mm² and 35 N/mm² based on the beam cross-section. Calculating the 

ultimate stress based on the smallest cross-section equalizes the stress difference to 

58 N/mm² for the simple and 60 N/mm² for the thick gooseneck joint. Calculating the 

coefficient of variation (CV) for the ultimate applied load results in 0.04 to 0.06 for 

the simple and thick gooseneck joint is, compared with Dinwoodie (2000) mentioned 

CV of 0.1 to 0.3 as typical values for structural timber, a rather low CV. The low CV 

for strength may be described by a rather small spread in the beam density (CV of 

0.08 to 0.12) of the specimens; no knots, high grain angle or low density are located in 

the area of joining. The CV for the slip modulus (Table 7) is with 0.1 to 0.2 is less 

likely described by the material properties. Geometric imperfections due to the 

assembly process and gaps between the beam and node may have a governing 

impact since the spread of the measured ultimate load and density are small. This is 

also supported lack of relation between slip modulus and density in Figure 41I. 
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Figure 40. Thick gooseneck joint (TGJ) compression failure pattern images: (a) end of phase III, on 
the surface vertical compression cracks indicate by arrows are visible; (b) Phase IV permanent 

deformations, (c) shear off of the protruding area and (d) piercing of LVL at the support.  
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(I) (II) 

Figure 41. (I) Relation compressive slip modulus (kN/mm²) and density (kg/m³) of simple (SGJ) and thick 
gooseneck joints (TGJ).  

(II) Relation compression (C) strength (kN) and density (kg/m³) of simple (SGJ) and thick gooseneck joints 
(TGJ). 

The in this study tested specimens density is between 378 to 544 kg/m³ for the pine 

beams and 431 to 495 kg/m³ for the LVL nodes, Table 6. The range of the LVL density 

distribution is smaller, because LVL is an engineered wood product (EWP) with a 

targeted density. As argument for the ultimate load distribution the relation between 

strength and density was investigated. A strength-density relation is noticeable in 

Figure 41II a, b and c for the beams and nodes. But for the LVL of thick gooseneck 

joint, the relation between strength and density is not visible in Figure 41Id, also 

because the standard deviation is small. Due to the small sample size the results do 

not prove or disprove the known relation strength-density relation (cf. Kollmann & 

Cote Jr (1968)). Furthermore preparing the performance tests as designed experiment 

by selecting specific density ranges for LVL and pine and measuring the grain angle 

could have led to a sound result on the strength-density relation and should be 

considered in future studies. 
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Table 6. Compressive strength test data for simple and thick gooseneck joints. 
F1.5 - the applied load at and 1.5 mm displacement, Fc,ult – ultimate compressive (c) force, σc,ult - 

ultimate compressive stress based on a cross-section area of 100x39 mm2, δc,ult displacement at 
ultimate load, Fc,k characteristic values based on EN 14358 (CEN 2006). 

 

 

Table 7. Compressive slip modulus test data for simple and thick gooseneck joints. 
F0.1, ult – 10% of the ultimate applied load and the associated displacement δ0.1,ult. For 40% of the 

applied ultimate load accordingly, Kc – slip modulus. 

 

F1.5  Fc,ult σc,ult δc,ult Fc,k ρPine ρLVL

[kN] [kN] [N/mm²] [mm] [kN] [kg/m³] [kg/m³]

1 -72.0 -93.7 -24.0 -2.1 388 431
2 -71.8 -100.2 -25.7 -2.9 440 456

3 -70.4 -102.2 -26.2 -2.8 423 495

4 -74.3 -102.4 -26.3 -3.0 482 463

5 -72.4 -104.5 -26.8 -2.6 424 480

Mean: -72.2 -100.6 -25.8 -2.7 431 465

Standard deviation: 1.4 4.1 1.1 0.4 34 24

CV: 0.04 0.08 0.05

F1.5  Fc,ult σc,ult δc,ult Fc,k ρPine ρLVL

[kN] [kN] [N/mm²] [mm] [kN] [kg/m³] [kg/m³]
1 -78.0 -125.3 -32.1 -3.5 448 475
2 -68.7 -133.4 -34.2 -3.2 378 467
3 -99.9 -137.2 -35.2 -3.4 464 459
4 -112.3 -139.7 -35.8 -2.4 449 462
5 -106.4 -147.2 -37.7 -3.1 544 451

Mean: -93.1 -136.6 -35.0 -3.1 457 463
Standard deviation: 18.8 8.0 2.1 0.4 59 9

CV: 0.06 0.13 0.02

Type No.

Type No.

Simple 
Gooseneck 
Joint (SGJ)

Thick 
Gooseneck 

Joint
117.9

90.7

F0.1 δ0.1 F0.4 δ0.4  Kc

[kN] [mm] [kN] [mm] [kN/mm]

1 -9.4 -0.10 -37.5 -0.37 102
2 -10.0 -0.14 -40.1 -0.49 85
3 -10.2 -0.16 -40.9 -0.48 96
4 -10.2 -0.22 -41.0 -0.53 97
5 -10.4 -0.20 -41.8 -0.60 79

Mean: 92
Standard deviation: 9.4

CV: 0.10

F0.1 δ0.1 F0.4 δ0.4  Kc

[kN] [mm] [kN] [mm] [kN/mm]
1 -12.5 -0.23 -50.1 -0.78 68
2 -13.3 -0.71 -53.4 -1.29 69
3 -13.7 -0.20 -54.9 -0.64 93
4 -14.0 -0.14 -55.9 -0.53 107
5 -14.7 -0.22 -58.9 -0.70 91

Mean: 85
Standard deviation: 16.8

CV: 0.20

Simple 
Gooseneck 
Joint (SGJ)

Thick 
Gooseneck 

Joint

Type No.

Type No.
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4.1.3. Comparison with dowels (φ6S275)  

The compressive performance of the simple and thick gooseneck joint is e.g. with 

steel-to-timber dowels up to two times higher for a longer connection length, Figure 

42. The results show the potential for structural applications with predominantly 

compressive forces. However the final performance needs to be assessed in full scale 

testing, because the overall structural stability is not neglectable.  

 

Figure 42. Comparison of characteristic compression strength of simple (SGJ), thick gooseneck joint 
(TGJ) and steel-to-timber dowel (φ6S275) double shear connection with a 6mm steel plate. The 

maximum values for the steel plate length (L) are calculated in accordance with Eurocode 5 (CEN 
2004) for the dowels and EN 14358 (CEN 2006) for the SGJ and TGJ for a beam cross-section of 

39x100 mm2.  

4.1.4. Finite element analysis (FEA) 

The displacement results of the finite element analysis are with ± 10% in good 

agreement with the measured average displacement for the material properties cited 

by Niemz (1993), Table 4. 

4.1.4.1. Verification with test data 

The finite element analysis of the compression specimen showed high 

correspondence for the simple and little correspondence for the thick gooseneck joint 

with the in EN 338 stated material properties, Figure 43. Highest correspondence 

showed the material properties combination EN 338 + Niemz for the simple 

gooseneck joint, but correspondence was lowest for the thick gooseneck joint. This is 

in accordance to the stated wood properties and joining area relation.  

Investigating the pith location of the cross-section (Appendix A) in the area of joining 

reveals that usually annual rings with pith association are in the area of joining for 

the thick gooseneck joint. This corresponds to a lower Young’s modulus of these 
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areas, due to the high amount of juvenile wood and its properties. Meanwhile the 

area of joining of the simple gooseneck joint is not associated to the pith area and 

therefore has probably a higher Young’s modulus.  

The by Niemz (1993) documented material properties corresponded best for the 

investigated compressive specimen and is chosen for the model, because the results 

are balanced. The load-displacement plots for measured and modelled data in Figure 

44 show as well the overall good agreement for the chosen material properties. 

 

Figure 43. Comparison of finite element analysis (FEA) results with mean displacement of the simple 
(SGJ) and thick gooseneck joint (TGJ) compression test data. 
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(a) (b) 

Figure 44. Load-displacement curves and results of finite element analysis (FEA) under a 
compressive load with Niemz material properties for (a) the simple and (b) thick gooseneck joint. 

4.1.4.2. Verification with hand calculated stresses and displacements 

The comparison of performance testing and via finite element analysis (FEA) 

calculated stresses are with a difference of less than 3% in good agreement, Table 8. 

However the limitations of measuring the FEA data in Solidworks are prone to 

measuring error, because sensor points are manually selected. 

Table 8. Comparison of estimated finite element analysis (FEA) and hand calculated stresses for 
simple (SGJ) and thick gooseneck joint (TGJ) under compressive (C) load.  

SGJ C F Stress StressFEM Δ TGJ C F Stress StressFEM Δ 

 
[kN] [N/mm²] [N/mm²] % 

 
[kN] [N/mm²] [N/mm²] % 

σc,head,beam -19.9 -22.8 -22.2 2.9% σc,neck,beam -52.55 -23.23 -23.325 -0.4% 

σc,end,beam/node -19.9 -12.4 -12.3 1.2% σc,end,beam/node -52.55 -13.47 -13.187 2.2% 
 

 

The established equivalent static system to estimate displacements is not in good 

agreement with the measured and via FEA estimated displacements, but it shows to 

be useful as a lower limit, Table 9. The bad estimation performance is clearly caused 
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by the neglected deflections and non-uniform load transfer of the specimen (Figure 

36). More sophisticated models, which for example include deflection, could function 

as a better estimator.  

Table 9. Comparison of measured, estimated finite element analysis (FEA) and hand calculated 
displacement of simple (SGJ) and thick gooseneck joint (TGJ) under tensile (T) load. 

δnode δbeam,neck δbeam,head δbeam δtotal δtest δFEA Δtotal - test Δtotal - FEA 

SGJ C [mm] -0.058 -0.075 -0.125 -0.061 -0.320 -0.444 -0.474 39% 48% 

δnode δbeam,head δbeam,neck δbeam δtotal δtest δFEA Δtotal - test Δtotal - FEA 

TGJ C [mm] -0.048 -0.088 -0.151 -0.135 -0.421 -0.655 -0.584 55% 39% 

 

4.1.5. Digital image correlation (DIC) 

The full field displacements in beam direction shows clearly the compressive failure  

of the simple and thick gooseneck (cf. image correlation images in Appendix A) at a 

displacement of 1.5 mm or 62 % of the ultimate load, Figure 56. Most intriguing is the 

clear visualization of the compressive failure of the thick gooseneck joint in Figure 

56b for 1.5 mm to ultimate load, which corresponds to the nonlinear displacement 

observed in Figure 39 and Figure 44. 

 

Figure 45. Failure detection with CT (a), images (b) and full field DIC displacement in x direction (c) 

Moreover the exemplary comparison of CT-, photographic images and full field 

displacement shows potential for the detection of failure, Figure 45. But it also proves 

that the full field displacement and CT-data visualizes failures, which are not as early 
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recognized with investigating photographic images. The advantage of the digital 

image correlation method to measure occurring failure before the end of the test 

shows furthermore the potential of real-time digital image correlation for online 

testing.  

 

Figure 46. Comparison of digital image correlation with phases of compression testing: (a) 5th simple 
gooseneck joint and (b) 4th thick gooseneck joint.  
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4.2. Tension  

The in this study investigate tensile performance and failure mode of the thick and 

simple gooseneck joint revealed that the joints exhibit brittle failure behaviour in 

tension. Compared to the compressive performance stiffness and strength are lower. 

The simple gooseneck joint tensile strength exceeds the performance of the thick 

gooseneck joint by 70%. Compared to the compressive strength the tensile strength of 

the two joints is four to nine times lower. The lower strength is shown in the load-

displacement curves by the absence of an initial alignment phase and the for 

compression typical prolonged failure.  

4.2.1. Load-displacement behaviour and failure 

The test showed different load-displacement behaviour for compressive and tensile 

testing. The joints under tension have lower strength, nearly no phase of initial 

alignment and for compression typical prolonged failure is absent. Furthermore, 

tensile testing revealed different load-displacement behaviour between simple and 

thick gooseneck joint. The failure of the simple gooseneck joint is characterized in 

four phases (Figure 47) and of the thick gooseneck joint is characterized in four or six 

phases (Figure 49). 

The four phases of the simple gooseneck under a tensile load for a typical load-

displacement behaviour are illustrated in Figure 47. 

 

Figure 47. Simple gooseneck joint tensile failure phases. 
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Figure 48. Simple gooseneck joint (SGJ) tensile failure pattern at phase III indicated by arrows: (a) 
simultaneous failure of LVL node and pine beam; (b) shear failure in pine beam; (c) simultaneous 

shear failure in the LVL node head. 

SGJ Phase I: Initial alignment – initial deformation due to alignment of the 

test rack and gap closing of the specimens contact surface. 

SGJ Phase II: linear elastic behaviour – force and displacement relation is 

constant. The displacement of protruding areas appears symmetric in the full 

field displacements, Figure 56. 

SGJ Phase III: ultimate failure, pre peak – the slope of the load-displacement 

curves decreases and is not constant. Timber crackles at approximately 15 kN. 

Abrupt failure occurs at the end of this phase, Figure 48. 

SGJ Phase IV: post failure – strength decreases continously and is only 

maintained by friction between sheared off protruding areas. 

Shear failure of the simple gooseneck joint, is observed in the node or beam 

protruding area, Figure 48. Failure happened simultaneously to human perception or 

at least subsequent and quick. Compared to the thick gooseneck joint, in tension the 

simultaneous failure is remarkable and might be best visualized by a fixed rope with 

a pull bar at the end. The rope in this case the slender node neck will align in the 

resulting direction of the force applied to the head on both sides and compensate for 
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small eccentricities. This capability to maintain tensile resistance of the simple 

gooseneck joint might be a reason for the wide usage in earthquake-prone Japan. As 

also account for the approximately two times higher tensile strength in comparison 

to the Thick Gooseneck joint, Table 12. 

The load displacement curve of the thick gooseneck joint is rather similar to the one 

of the simple gooseneck joint, visualized are the phases with full field displacements 

in Figure 56. But due to occasionally observed two-stage failure behaviour two for 

this study typical load-displacement curves are described in Figure 49.  

TGJ Phase I: Initial alignment – initial deformation due to alignment of the 

test rack and gap closing of the specimens contact surface. 

TGJ Phase II: linear elastic behaviour – force and displacement relation is 

constant almost till failure. 

TGJ Phase III: ultimate failure – either one (Figure 49a) or two (Figure 49b) 

protruding areas failed the occurrence rate are documented in Table 10, 

Figure 50. 

TGJ Phase IV: post failure – strength decreases continually and is only 

maintained by friction between sheared protruding areas OR the remaining 

protruding area is loaded accompanied with displacements perpendicular to 

the load direction due to the eccentric resulting forces. 

TGJ Phase V: subsequent failure – of second protruding area. 

TGJ Phase VI: post failure – no resistance remains load drops to zero. 

The failure of the thick gooseneck joint occurred in two stages or subsequently a 

protruding area of the node/beam sheared of, Table 10. During loading the specimen 

node opened indicating a bending moment introduced by the beam, due to the 

eccentricity of the nodes protruding areas. Furthermore this introduces further 

eccentricities, which increases the load in transverse direction of the specimen and 

superimposes with the shear load in the protruding area. 

Table 10. Number and location of shear failure in tensile testing of simple gooseneck and thick 
gooseneck joints 

 

Shear failure in: Simple Gooseneck joint Thick Gooseneck joint 

Timber 2 3 

LVL 2 - 

Timber and LVL 1 2 
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Figure 49. Thick gooseneck joint tensile failure phases, a) protruding areas fail nearly simultaneously 
and b) subsequent failure of protruding areas. 

The simple as well as the thick gooseneck joint showed brittle and abrupt failure 

behaviour. This is expectable for wooden material, but still needs to be addressed, 

because little is known about local crack formation (Madsen 2000) e.g. by increasing 

the strength and changing the slip modulus as presented in the next chapter. 

Figure 50. Thick gooseneck joint (TGJ) tensile failure in tension after testing indicated by black 
arrows: (a) top shear failure in LVL node and (a) bottom shear failure in pine beam; (b) simultaneous 

shear failure in the pine beam. 
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4.2.2. Strength and slip modulus 

The simple and thick gooseneck joints tensile strength and stiffness is much lower 

than under compression testing. Furthermore the joints exhibit brittle failure 

behaviour (cf. Figure 47 and Figure 49). Overall the tensile strength of the simple was 

with 21.1 kN about 70% higher than that of the thick gooseneck joint with 12.1 kN, 

Table 12. Hence the ultimate stresses referenced to the beam cross section are also 

comparably low with 5.4 N/mm² for the simple and with 3.1 N/mm² for the thick 

gooseneck joint. However referencing it to smallest cross section changes it to 12.1 

N/mm² for the simple and to 5.4 N/mm² for the thick gooseneck joint. But these cross 

sectional stress are misleading, because the tensile strength of the joints is in contrary 

to the compressive strength related to the shear strength, which is dependent on 

shear plane length, thickness and amount of micro cracks of the wood structure. 

Therefore those values are only an indicator for the degree of utilization.  

Table 11. Comparison of compressive and tensile coefficient of variation (CV) for strength, beam and 
node density. 

 

Comparing coefficient of variation (CV) with the results of the compression testing 

the CV for density and strength is reversed for the strength and beam material, Table 

11. Decreasing spread of density and increasing spread of strength makes it less 

likely to observe the density-strength correlation (Kollmann & Cote Jr 1968). Hence 

the correlation between density and strength for this sample is also not observable in 

the density-tensile strength plots of Figure 51, because plot data are well spread in 

the displayed range. Size effects (cf. Foschi & Barrett (1976)), load rate nor moisture 

content changes, which influence the shear strength could explain the spread of 

tensile strength. The specimens dimensions were constant and the moisture content 

was similar for all specimens, because of the same storing conditions.  

The slip modulus spread is similiar to the results of the tensile strength data. But the 

slip modulus of the simple gooseneck joint is with 18.44 kN/mm approximately 14% 

higher than that of the thick gooseneck joint. The correlation between density and 

stiffness is not apparent, Figure 51. 

CVstrength CVρ,pine CVρ,LVL

Compression SGJ 0.04 0.08 0.05
Tension SGJ 0.09 0.03 0.02

Compression TGJ 0.06 0.13 0.02

Tension TGJ 0.12 0.06 0.02
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Figure 51. Relation tensile (T) strength (kN) and density (kg/m³) of simple (SGJ) and thick gooseneck 
joints (TGJ). 

The joint strength and abrupt failure should be improved towards higher strength 

and if possible to a more ductile failure behaviour. Even if the roughly estimated 

loads on a small 2.5 m by 3.5 m by 3.5 m building are inferior compared to tensile 

resistance (Appendix C). For structural applications the abrupt failure behaviour is 

generally critical and little is known about the shear strength of wood (Madsen 2000). 

One improvement strategy would be to reinforce high stress regions like the beam 

and node head with natural fibres, veneers or artificial fibres (Triantafillou 1997). A 

further improvement could be to optimize the fibres orientation towards the 

resulting force vector as observed in tree leaves (Mattheck 1998). Also adding 

rotation welded wooden dowels in the direction of the resulting force vector could 

increase the joints strength. 

Another option would be to improve the joints strength by changing the geometry. 

By e.g. reducing flex in the joints protruding area of thick gooseneck joint node by 

increasing the cross sections size about the more slender axis. Also the tensile 

strength and slip modulus would increase by increasing the shear plane length. To 

adapt the slip modulus on structural needs the joints contact surface could be cut in 

an angle just like the dovetail joint (cf. Heimeshoff & Köhler (1989)). 
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Lastly better graded timber and higher strength engineered wood products e.g. 

beech LVL (DIBt 2013) could be used.  

Table 12. Tensile strength test data for simple and thick gooseneck joints. 
F0.5 - the applied load at 0.5 mm displacement, Ft,ult – ultimate tensile (t) force, σt,ult - ultimate tensile 

stress based on a cross-section area of 100x39 mm2, δc,ult displacement at ultimate load, Ft,k 
characteristic values based on EN 14358 (CEN 2006). 

 

 
Table 13. Tensile (t) slip modulus test data for simple and thick gooseneck joints. 

F0.1, ult – 10% of the ultimate applied load and the associated displacement δ0.1,ult. For 40% the results 
are named accordingly. Kt – slip modulus. 

 

F0.5  Ft,ult σt,ult δt,ult Ft,k ρPine ρLVL

[kN] [kN] [N/mm²] [mm] [kN] [kg/m³] [kg/m³]

1 9.0 19.3 5.0 1.3 missing 458
2 10.2 19.6 5.0 1.1 426 468

3 8.2 20.0 5.1 1.4 452 453

4 9.5 23.0 5.9 1.5 missing 463

5 10.1 23.4 6.0 1.5 426 448

Mean: 9.4 21.1 5.4 1.3 435 458

Standard deviation: 0.8 2.0 0.5 0.2 15 8

CV: 0.09 0.03 0.02

F0.5  Ft,ult σt,ult δt,ult Ft,k ρPine ρLVL

[kN] [kN] [N/mm²] [mm] [kN] [kg/m³] [kg/m³]
1 8.5 10.1 2.6 0.6 443 470

2 7.9 11.8 3.0 0.8 385 444

3 8.6 11.5 2.9 0.7 427 464

4 9.1 13.3 3.4 0.8 433 457

5 7.4 13.8 3.5 1.0 444 455

Mean: 8.3 12.1 3.1 0.8 427 458
Standard deviation: 0.7 1.5 0.4 0.2 24 10

CV: 0.12 0.06 0.02

Thick 
Gooseneck 

Joint
8.8

Type No.

Simple 
Gooseneck 
Joint (SGJ)

16.7

Type No.

F0.1 δ0.1 F0.4 δ0.4  Kt

[kN] [mm] [kN] [mm] [kN/mm]

1 1.9 0.10 7.7 0.42 18
2 2.0 0.08 7.8 0.37 20
3 2.0 0.11 8.0 0.48 16
4 2.3 0.11 9.2 0.48 19
5 2.3 0.08 9.4 0.45 19

Mean: 18
Standard deviation: 1.4

CV: 0.08

F0.1 δ0.1 F0.4 δ0.4  Kt

[kN] [mm] [kN] [mm] [kN/mm]
1 1.0 0.03 4.0 0.21 17
2 1.2 0.04 4.7 0.27 15
3 1.1 0.04 4.6 0.24 17
4 1.3 0.04 5.3 0.26 18
5 1.4 0.05 5.5 0.36 14

Mean: 16
Standard deviation: 1.7

CV: 0.11

Type No.

Thick 
Gooseneck 

Joint

Type No.

Simple 
Gooseneck 
Joint (SGJ)
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4.2.3. Comparison with other connection types 

The comparison with steel-to-timber and the cogged lap joint with ribbed nails 

showed a lower tensile performance for the simple and thick gooseneck joint. But the 

comparison with the strength results of the cogged lap joint is biased due to the 

bigger cross section of the by Heimeshoff & Köhler (1989) investigated specimen. 

4.2.3.1. Dowels (φ6S275)  

Steel-to-timber dowel connections are common joints in timber engineering. 

Compared with the simple and thick gooseneck joints tensile strength dowel 

connections are for the same length or longer approximately two times stronger, 

Figure 52. Moreover the failure of dowel connections as described by Johansen (1949) 

can be ductile, if the beam is sufficiently thick. 

 

Figure 52 Comparison of characteristic tensile strength of simple (SGJ), thick gooseneck joints (TGJ) 
and steel-to-timber dowel (φ6S275) double shear connection with 6mm steel plate. The maximum 

values for the steel plate length (L) are calculated in accordance with Eurocode 5 (CEN 2004) for the 
dowels and EN 14358 (CEN 2006) for the SGJ and TGJ for a beam cross-section of 39x100 mm2. 

4.2.3.2. Cogged lap joint (CJJ) with straight shoulders and ribbed nails 

Heimeshoff & Köhler (1989) investigated the strength of a joint which is commonly 

used for sills and top plates (Graubner 1992). This joint is called cogged lap or halved 

scarf joint with straight shoulders (in German Hakenblatt) and is reinforced in the 

transverse direction with ribbed nails. Comparing the results of Heimeshoff & 

Köhler (1989) for the cogged lap with simple and thick gooseneck joint test data 

shows that at least the simple gooseneck joint has a high shear resistance, Figure 53b. 

The tensile strength of the simple and thick gooseneck joint is lower (Figure 53a), but 

also reasonable, because the shear area is 50 to 70% smaller. The slip modulus is 

highest for the simple and thick gooseneck joint (Figure 53c) compared to the cogged 

lap joints variants. The reason is that the manufacturing process of the simple and 
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thick gooseneck joint was very precise, whereas the cogged lapped joint was 

manufactured manually. Furthermore, the load is applied symmetrical on to the 

joints of this study, which further increases the slip modulus, because no 

eccentricities are introduced. A drawback of the simple and thick gooseneck joint is 

that failure is abrupt due to the missing ribbed nails.  

However the tests of Heimeshoff & Köhler (1989) showed that thin protruding areas 

are correlating with higher strength, due to the smaller bending moment introduced 

by them. Furthermore, the results of Heimeshoff & Köhler are indicating that with 

thicker beam and node the tensile strength can be increased. 

 

 

(a) 

 

(c) 

 

 (b) 

 

(d) 

 

Figure 53. Comparison of tensile strength (a), shear stresses (b) and slip modulus (c) of the cogged 
lapped (CLJ) (Heimeshoff & Köhler 1989), simple (SGJ) and thick gooseneck joint (TGJ). The identifier 

(c) of each entry is combined of joint name plus height (h), width (w), hook length (lh) and hook 
(protruding area) thickness. The tensile strength and shear stresses data are calculated as 

characteristic values based on EN 14358. 

9

17

21

29

34

36

36

43

0 10 20 30 40

TGJ 39x100x130x21

SGJ 39x100x130x22

CLJ 160x120x280x60

CLJ 160x120x280x20

CLJ 150x120x160x20

CLJ 160x120x280x40

CLJ 160x120x240x20

CLJ 150x120x200x20

Comparison of tensile strength data of SGJ and TGJ 
with cogged lapped joint

kN

5.2

6.4

9.5

9.7

10.0

14.6

16.2

18.4

0.0 10.0 20.0

CLJ 160x120x280x60

CLJ 160x120x280x40

CLJ 160x120x240x20

CLJ 160x120x280x20

CLJ 150x120x160x20

CLJ 150x120x200x20

TGJ 39x100x130x21

SGJ 39x100x130x22

Comparison of slip modulus data of SGJ and TGJ 
with cogged lapped joint

kN/mm

1.3

1.7

1.7

2.1

2.5

3.5

3.6

3.6

0.0 1.0 2.0 3.0 4.0

CLJ 160x120x280x60

CLJ 160x120x280x20

TGJ 39x100x130x21

CLJ 160x120x280x40

CLJ 160x120x240x20

CLJ 150x120x160x20

SGJ 39x100x130x22

CLJ 150x120x200x20

Comparison of linearlized shear stresses of SGJ and 
TGJ with cogged lapped joint in the shear plane

N/mm²



Results & Discussion 

72 

4.2.4. Finite element analysis (FEA) 

Notable agreement is achieved between the test displacement data and finite element 

analysis for the simple and thick gooseneck joint under a tensile load with an error 

lower than 4% for the material properties by Niemz (1993), Table 4. 

4.2.4.1. Verification with test data 

The comparison between test data and finite element analysis results in Figure 54 

shows very good agreement for the data stated by Niemz, Table 4. Figure 54 shows 

that the overall measured to calculated displacement error of the joint in x-axis is 

lower than 4%, showing that a simple two dimensional finite element analysis model 

approximates the joint behaviour very good. This is as well in good agreement with 

the observation of the load-displacement plot for the test data and finite element 

analysis in Figure 55, because the shear plane area of the joints is approximately in 

the same area for both designs and the cross sections of the timber are similar in 

structure. 

 

Figure 54. Comparison of finite element analysis (FEA) results with mean displacement of the simple 
(SGJ) and thick gooseneck joint (TGJ) tension test data. 
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(a) (b) 

Figure 55. Load-displacement curves and results of finite element analysis (FEA) under a tensile 
with Niemz material properties for (a) the simple and (b) thick gooseneck joint. 

 

4.2.4.2. Verification with hand calculated stresses and displacements 

In good agreement are the results of hand calculation and finite element analysis 

(FEA) for the tensile load situation, but not as good as for the compressive load 

situation, Table 14. For the thick gooseneck joint the differences are with 

approximately 7% higher than the hand calculated stresses. This might be founded in 

the measuring inaccuracy of the Solidworks measuring tool, but also because the 

applied load is rather small and the inaccuracy of the measuring tool could have a 

higher impact.  

Table 14. Comparison of estimated finite element analysis (FEA) and hand calculated stresses for 
simple (SGJ) and thick gooseneck joint (TGJ) under tensile (T) load. 

SGJ T F Stress StressFEM Δ TGJ T F Stress StressFEM Δ 

kN N/mm² N/mm² % kN N/mm² N/mm² % 

τt,head 4.2 1.8 1.8 0.2% τt,head 2.42 0.95 1.0281 -7.2% 

σt,neck,beam 8.4 12.0 12.0 -0.4% σc,head,beam/node 2.42 2.95 -2.74557 -7.6% 

σc,head,beam/node 4.2 5.8 -6.0 2.8% σt,neck,beam 4.84 2.14 2.011 6.4% 

σt,head,beam 4.2 4.8 4.8 1.4% 
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Similar to the observations made in the compressive load case the equivalent static 

system performs as a lower limit for the calculations and measurements, Table 15. 

Noticeable is that the estimation for the thick gooseneck joint is with an error of 90% 

inferior to the simple gooseneck joint. This might be explained, because the relatively 

high deflections of the protruding areas, which behave like a cantilever arm, were 

neglected. This is not the case for the simple gooseneck joint, because of the edge in 

the node. 

Table 15. Comparison of measured, estimated finite element analysis (FEA) and hand calculated 
displacement of simple (SGJ) and thick gooseneck joint (TGJ) under tensile (T) load. 

δnode δnode,neck δnode,prod δbeam,prod δbeam,head δbeam δtotal δtest δFEA Δtotal - test Δtotal - FEA 

SGJ T [mm] 0.040 0.072 0.074 0.074 0.040 0.016 0.316 0.458 0.442 45% 40% 

δnode δnode,neck δnode,prod δbeam,prod δbeam,head δbeam δtotal δtest δFEA Δtotal - test Δtotal - FEA 

TGJ T [mm] 0.023 0.008 0.040 0.040 0.023 0.028 0.162 0.303 0.308 87% 90% 

 

4.2.5. Digital image correlation (DIC) 

The manual investigation of the full field displacements shows that it is not possible 

to investigate failure propagation during the investigated tensile load steps for both 

joint types with the horizontal displacements (Figure 56; all visualization in 

Appendix A).  The results show that the setup of the specimen was in level, because 

otherwise unsymmetrical displacements would have been calculated by the digital 

image correlation method.  

Instead the investigation of strains could show areas of high displacements like notch 

stresses much better than displacements, but would require a better optical setup 

without a vibration initiating shutter. 
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Figure 56. Comparison of digital image correlation with phases of tension testing: (a) 2. simple 
gooseneck joint and (b) 4. thick gooseneck joint.  
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5. Conclusion 
In this study the compressive and tensile strength of CNC fabricated simple and 

thick gooseneck joints was investigated. 

The results showed that the compressive performance of the simple and thick 

gooseneck joint is two to three times higher than comparable dimensioned joints, 

such as steel-to-timber dowel connections, Figure 53. Besides the tensile performance 

of joints is similar to the cogged lap joint tested by Heimeshoff & Köhler (1989), 

considering the much smaller cross section of the simple and thick gooseneck joint, 

Figure 53. Despite relatively simple linear-orthotropic-elastic finite element analysis 

the calculated results have been shown to be in good agreement with the measured 

load-displacement relation for the linear elastic region of the performance tests, 

Figure 43, Figure 44, Figure 54 and Figure 55. Moreover the horizontal full field 

displacements showed the propagation of failure in the beam-direction clearly in 

compression at the chosen significant points, Figure 46.  

The summarized test results of the mechanical properties of three axis CNC 

manufactures wood joints are one of the first of their kind. Even though the sample 

size was relatively small the results significantly extend the knowledge about the 

CNC fabricated simple or thick gooseneck joint and derivatives. Additionally the 

work presented digital image correlation as an approach for investigating wood joint 

failure. This approach so far has not often been applied to timber engineering. The 

results of digital image correlation provided an insight into the failure propagation. 

Future methods for investigating wood joints 

Increased usage of the digital image correlation method by capturing more images 

per second and developing tools to measure displacements, could partly replace time 

intensive placement of linear displacement sensors and decrease time of test 

preparation. Furthermore digital image correlation should be used to gain material 

properties for finite element analysis. 

Combining computer tomography data with a finite element model as e.g. proposed 

by Entacher et al. (2012) or using the data for determining the grain angle e.g. Ekevad 

(2004) could be used to establish a finite element model. Both approaches represent 

geometric specifics of the timber and could lead to better estimation of strength and 

displacement under load. Applying non-linear material behaviour could further 
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improve the accuracy of the estimations. Based on that, online strength grading of 

wood joints could be developed, which might increase the structural element quality, 

decrease the spread of tested strength and allow more differentiated strength classes 

than proposed by EN 338 (CEN 2009). Another method based on the evaluation of 

knot clusters by Fink & Kohler (2014) could be deployed to avoid knots in the area of 

joining and to approximate more realistic strength grades as the common visual or 

machine graded timber. 

Future improvements of the wood joints 

By providing a first outline for wood joint testing and the joint strength this study 

could contribute to future design steps of CNC fabricated structural elements. Future 

work is needed to include a lateral reinforcement so that the joint cannot be loosened 

by forces perpendicular to the beam axis. This might be achieved with geometrical 

interlocking e.g. French lock or wedges. Imaginable are welded dowels or a two 

parted assembly of the nodes, which encapsulates the beams. 

In addition the optimisation of the shear strength of the simple and thick gooseneck 

beams could lead to higher tensile resistance. Methods to improve the mechanical 

properties could be surface glued veneers, fibres or fabrics (Triantafillou 1997). Also 

rotation welded wooden dowels could be used to improve the shear resistance (cf. 

Bocquet et al. (2007) and Oudjene et al. (2010)). The influence of swelling and 

shrinkage of the joint on the joint tightness might be reduced, if the timber is 

densified before manufacturing to anticipate shrinkage for the installed case. 

Based on improved wood joints, future work will have to show if load bearing wall 

elements will satisfy users’ needs for safe and pleasant shelter. Equally, by testing 

full wall segments, future work must show whether builders’ needs for easy, time-

effective manufacturing and Eurocode 5 compliant designs can be met. 

Finally, there should be more research on the general idea of open source 

manufacturing tools and designs. So that craftsman’s tradition of sharing the 

knowledge about wood joints continues. Free access to the results of this and similar 

studies enables interested research to continue the conducted research. As the 

wikihouse initiative showed (Parvin 2013), the idea of free access to information 

enables people from all over the world to contribute to the idea of easy and 

decentralised construction. This would also be desirable for the concept that was 

designed and tested in this research. In general, this research about wood-to-wood 

joints and CNC fabrication might lead to a rediscovery for construction. 
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APPENDIX A: Performance testing, CT and DIC 
data 

This appendix contains the test data of the linear displacement sensors, DIC horizontal full field 

displacements and CT images. Below is a general order of the data for each specimen. Before each sub 

collection the load-displacement plots are visualized as stack. Access of the full raw data is described in 

Appendix C.  
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Simple gooseneck joint compression 
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2. Simple gooseneck joint 
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3. Simple gooseneck joint 
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4. Simple gooseneck joint 
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5. Simple gooseneck joint 
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Thick gooseneck joint compression 
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1. Thick gooseneck joint 
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2. Thick gooseneck joint 
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3. Thick gooseneck joint 
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4. Thick gooseneck joint 
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5. Thick gooseneck joint 
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Simple gooseneck joint tension 
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1. Simple gooseneck joint 
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2. Simple gooseneck joint 
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3. Simple gooseneck joint 
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4. Simple gooseneck joint 
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5. Simple gooseneck joint 
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Thick gooseneck joint tension 
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3. Thick gooseneck joint 
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4. Thick gooseneck joint 
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5. Thick gooseneck joint 
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APPENDIX B: Description and access 
of raw data 

The raw data is organized in a collection of four folders: 
 

• Computer tomography (CT) data 

Contains the CT data before and after tensile and compressive testing of 

the joints; as also the CT data after oven drying. 

 

• Digital image correlation (DIC) data 

Contains the full field displacements in X and Y direction and the strains 

XX, XY, YY taken each 2s; as also the Ncorr-processing files. 

 

• Displacement data 

Contains the data of the linear displacement sensors taken each 1/100s. 

 

• Technical drawings 

Contains the simple and thick gooseneck joint drawings of the specimens. 
 
The 17 GB big collection can be downloaded via BitTorrent: 
http://academictorrents.com/collection/makerjoint-a-new-concept-for-joining-in-
timber-engineering 
If you want to download the data and the data is not available contact the author 
under rebstock [ä @ t] posteo.net . 
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APPENDIX C: Tensile loads on a small 

sample structure 

The study results showed the superior compressive performance and that the tensile 

resistance of the concept wood joints is low. To demonstrate the sufficient tensile 

resistance of the simple gooseneck joint against forces acting through wind on a 

small 2.5 m by 3.5 m by 3.5 m structure are roughly estimated. Snow and stabilizing 

vertical loads are neglected, because due to easy adaptable beam thickness the 

compressive performance of the joints is non-critical. The bracing based on the 

concept is 2.5 m by 2.5 m and is at the current design step imagined to be 

manufactured in two variants. The first variant is without horizontal beams and 

allows for higher horizontal loads in the top beam. Meanwhile the second variant 

includes horizontal beams for load transfer, Figure D 1. Both designs deploy the 

simple gooseneck joint, because the node includes the tenon part and allows for 

smaller dimensions in a corner situation. For the calculation estimation it is assumed 

that the bracing only carry load in compression, due to the higher stiffness. The thick 

gooseneck joint is better suited in situation with more space and fewer connections 

per node for example on a strut node.  

 

Figure D 1. Two bracing variants 2.5 m by 2.5 m for a small building; (a) without and (b) with 
horizontal beams for load transfer. 
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To estimate the loads based on the DIN EN 1990 and 1991 the location is assumed to 

be in Brandenburg, Germany. In accordance with cited standards the following 

assumptions are made: 

• Structure is not vibration-prone  

• Load is evenly distributed by impermeable façade system on the structural 

members 

• Load case open windows and doors is as accidental load case not considered 

• Wind pressure is constant over height of building, because the height is 

smaller than the depth of the building.  

• Forces are solely introduced by the façade or roof system at a node  

The wind loads were calculated by the simplified procedure for calculating the peak 

velocity pressure based on DIN EN 1991-1-4 NA in wind zone 2 inland. 

The wind pressure or suction on the vertical walls and roof  is calculated based on 

Expression 5.1 in EN 1991-1-4 for a peak velocity pressure ( ( )
p e

q z ) of 0.8 kN/m² in 

wind zone 2 (inland), Table D 1 and D 2.  

Based on the estimated wind pressure the calculation is simplified; the highest wind 

pressure for estimating the loads on the vertical walls and the roof stated in EN 1991-

1-4 is used. As the decisive areas for the vertical wall area D and for the roof area F is 

chosen. The characteristic loads are calculated as illustrated in Figure D 5. Referring 

to the calculated characteristic load on the structure and resistance of the simple 

gooseneck is compared. The tensile load is estimated as illustrated in Figure D 2, 

compression is not investigated. 

The resistance or strength of the connection is compared with the estimated loads 

based on Eurocode 5 (CEN 2004): 

mod
,

mod

R,k

k

Q

M

1.5; 1.3; 1.0

F : haracteristic capacity of the wood joint

Q : haracteristic value of a variable concentrated load

γ :  partial factor for variable actions

γ :  partial factor for a

k Q R k

M

Q

k
Q F

k

c

c

γ
γ

γ

⋅ ≤

= = =

mod

 material property

k : modification factor for duration of load and moisture content 
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Load case: symmetric wind suction on the vertical walls: 

, , ,

ws,h

SGJT,k

1
( ) 1.5 6.3 12.8

1.3
F :horizontal suction, region A 

F : haracteristic capacity of the simple gooseneck joint in tension

ws h ws h SGJT k
F F kN kN F

c

+ ⋅ = ≤ =

  

Load case: wind suction on the roof: 

, ,

ws,h

1
1.5 6.8 12.8

1.3
F :  suction on roof, region F 

ws v SGJT k
F kN kN F⋅ = ≤ =

  

Load case: wind in the direction of the bracing on surface D: 

/ , / , ,

wp/s,h

1
( ) 1.5 6 12.8

1.3
F : wind pressure and suction, region D.

wp s h wp s h SGJT k
F F kN kN F+ ⋅ = ≤ =

  

 

 

Figure D 2. Estimation of forces in the tensile strut beam due to horizontal loads (Fh).  
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Table D 1. Wind pressure on vertical walls 
according to EN 1991-1-4. The key to the labels 

is documented in Figure D 3. 

 

(a) 

 

( )
e p e pe

w q z c= ⋅   

 

(b) 

Figure D 3. Key for vertical walls (EN 1991-1-4) in (a) top view and (b) the elevation view for e equals 
d. 

 

Table D 2. External wind pressure on flat roofs 
with sharp eaves according to EN 1991-1-4. The 
key to the labels is documented in Figure D 4. 

  

Figure D 4. Key for flat roofs for e equals b (cross 
wind direction) according to EN 1991-1-4. 

 

 

 

wind pressure (kN/m²)

cpe,10 cpe,1 we,10 we,1

A -1.2 -1.4 -0.96 -1.12
B -0.8 -1.1 -0.64 -0.88
D 0.8 1.0 0.64 0.80
E -0.5 -0.7 -0.4 -0.56

external pressure 
coefficient

wind pressure (kN/m²)

cpe,10 cpe,1 we,10 we,1

F -1.8 -2.5 -1.44 -2.00
G -1.2 -2.0 -0.96 -1.60
H -0.7 -1.2 -0.56 -0.96
I 0.2 -0.6 0.16 -0.48

external pressure 
coefficient



APPENDIX C: Tensile loads on a small sample structure 

131 

 

 

Figure D 5. Estimation of characteristic forces by wind on the structure 
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