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LINEAR ELASTIC ORTHOTROPIC FINITE ELEMENT 

MODEL FOR CNC MANUFACTURED WOOD-TO-WOOD 

JOINTS. TENSILE AND COMPRESSIVE PERFORMANCE OF 

CNC MANUFACTURED WOOD-TO-WOOD JOINTS – A 

FINITE ELEMENT STUDY 
 

Rebstock, F.1, Sandberg, D.2  

 

ABSTRACT 

 

A linear elastic orthotropic finite element model is made to estimate the displacement of in 

tension and compression tested CNC manufactured simple and thick gooseneck wood 

joints made of laminated veneer lumber (LVL) and Scots pine timber for a new building 

concept called makerjoint. The displacement calculation was conducted with Solidworks 

Simulation 2014 finite element analysis (FEA) for each load case and type of joint, and the 

result was compared with experimental tests. The difference between displacement results 

of the FEA and experimental study showed with ±10% in compression and ±4% in tension 

a good agreement. Suggestions for future investigations are made to increase model 

accuracy based on CT-data. 

  

Key words: robotic manufacturing, Solidworks, finite element method, makerjoint 

 

INTRODUCTION 

 

Two different configurations of wood-to-wood joints were designed as part of a recent 

study about a new concept of joining in timber construction. The new concept also referred 

to as Makerjoint uses laminated veneer lumber (LVL) or other less anisotropic engineered 

wood products (EWP)as connectors or joining nodes and glulam or sawn timber for beams, 

braces or posts as illustrated in Fig. 1 (cf. Rebstock 2015).  

The two investigated joints are called simple and thick gooseneck joint. They derived from 

historic European and Japanese examples and are optimized for 3-axis CNC manufacturing. 

The current design was tested to transfer tensile and compressive forces.  
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Fig.1  Examples of nodes and beam of the Makerjoint concept: I+II - corner nodes, III - 

roof node, IV - multiple floor node, V - bracing node, VI - Makerjoint beam (Rebstock 

2015). 

 

For the use of the concept for building structures the tensile and compressive strength of 

the joints was measured for five specimens in tension and compression per joint type. The 

aim of this study was to evaluate if a two dimensional model with linear elastic orthotropic 

material behaviour can sufficiently approximate displacements of the new types of wood-

to-wood joints. 

  

MATERIAL AND METHODS 

 

Tensile test of five specimens per joint type was done via bolted clamps. The five 

compressive specimens per joint type were simply mounted between two plates. In both 

tests two at the sides mounted linear displacements sensors were used to determine the 

displacement at a measured load. The averaged displacement of the measured and via finite 

element analysis (FEA) estimated results are compared at 40% of the maximum load. 

 

Material 

The simple and thick gooseneck joint of this study was manufactured of LVL and sawn 

timber with the dimensions specified in Fig. 2. A Morbidelli Author 600K CNC was used 

for production.  

The material for the nodes was Metsä Kerto Q LVL from Lohja Kerto Mill with a cross-

section area of 200x39 mm2 (DIBt 2011). The specimens were condition to equilibrium 

moisture content (EMC) of about 12% before manufacturing and testing.  

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

cross-section area of 39x100 mm2. The region of joining of the timber were without 

disturbances e.g. cracks or knots.  

The averaged oven-dried density of all timber specimens measured via CT scanning was 

437 kg/m³, coefficient of variation (CV) was 0.09 and for LVL 461 kg/m³ (Rebstock 2015). 

The CV for timber is about 0.03 lower than documented by Niemz (1993) indicating that 

the full spectrum of natural inhomogeneity of timber might not be represented in this study.  
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Fig.2   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. 

(Rebstock 2015). 

 

Compressive and tensile test 

The compressive and tensile strength of the simple and thick gooseneck joint were 

measured for a sample size of five per joint type, Fig. 3. The tests were based on EN 408 

(CEN 2012) and for measuring the applied load, a plane load cell with a measuring accuracy 

of one percent in relation to the maximum applied load was used. As proposed by EN 408, 

the load was applied constantly via a manually controlled valve and equally parallel to the 

grain. The load-rate was previously determined by a dummy specimen.  

 

 
Fig.3   Wood joint test test setup for compressive (left) and tensile test (right) 

(Rebstock 2015). 

 
 

The compressive specimens were mounted between two fixed metal plates, and the tensile 

specimens were on one side bolted to a fixed and on the other side to a tilt-mounted clamp, 

Fig. 3. To reduce deformation at the area of clamping both the LVL and solid wood were 

reinforced with LVL. To omit a bending moment into the joints by a misalignment of the 

mounting clamps they were manually levelled. The measurement distance for 
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compression/tension was 245/845 mm for the simple and 265/845 mm for the thick 

gooseneck joint. 

The displacement was measured via two linear displacement sensors (LDS) mounted at the 

specimens sides. The total specimen displacement was calculated by averaging the values 

of the two LDS. 

To compare the measured and the via FEA estimated displacement, the initial slip was 

removed in the test data. The removal of initial slip was done by assuming linear elastic 

material behaviour. The point of zero load and displacement was assumed to be at the 

intersection at the abscissa of a line going through the points at 10% and 40% of the 

maximum measured load in the load-displacement diagram. Subsequently, the averaged 

displacement and load at 40% of the maximum load was compared with the displacement 

of FEA model at the same load level. 

 

Finite element analysis 

Finite element analysis (FEA) was conducted with Solidworks Simulation 2014 to estimate 

e.g. stresses and displacements of the simple and thick gooseneck joint under the averaged 

40% maximum load with the settings in Table 1. The geometrical data from the production 

step of the joints was used as input to the FEA  model, and to reduce the complexity of the 

FEA the 3D model was represented by a 2D FEA-model, Table 1. Furthermore friction 

between elements was also not simulated because of its neglectable influence in the linear 

elastic area of the joints.  

 Table 1   Settings for finite element analysis in Solidworks (Rebstock 2015). 
  Setting 

Type static 

Options 2D simplification 

Study Type Plane stress 

Section plane XY-plane 

Section depth 39mm 

Friction No 

Component contact No penetration 

Solver Direct sparse 

Mesh type Curvature based mesh 

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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Fig.4    Sketch of fixtures and applied loads for FEA under a) tensile and b) 

compressive load. Rebstock 2015). 
 

 

Before mesh generation, material properties and boundary conditions were defined and at 

the LVL or node side a fixed bearing was defined, Fig. 4. The applied load was defined as 

a constant line load. For compression, a stiff metal plate was added to the model to ensure 

a consistent flow of force from the applied load into the specimen, Fig. 4b. The metal plate 

was 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.  

The modeled material behaviour for the LVL and timber was approximated as a linear 

elastic orthotropic and homogenous material. For such a model, the Young’s moduli (E), 

the Poisson ratio (ν) and shear moduli (G) are presented in Table 2Material values cited by 

EN 338 (CEN 2009) and Niemz (1993) based on DIN 1052 (DIN 2008) were used. A 

common reduction in FEA of the shear modulus is 2/3 of the DIN 1052 values as mentioned 

by Niemz, and this is combined with the values of EN 338 and referred to as “EN 338 + Niemz”. 

The Poisson ration was set to zero as commonly practised in FEA.  

 

Table 2. Material properties according to CEN (2009) and Niemz (1993) used for the 

FEA-model. 
  Beams: Pine C24 LVL: 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 
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RESULTS AND DISCUSSION 

 

For the CNC manufactured simple and thick gooseneck joint specimens loaded in tension 

or compression a linear elastic orthotropic finite element model was established to estimate 

the displacements for 40% of the ultimate load. The FEA displacement results were 

compared with the measured compression and tension results, Fig. 5. 

Under compression the FEA showed high generally high correspondence for the simple 

gooseneck joint with material properties stated in EN 338 and EN 338 + Niemz and 

between -2 % and 7 % compared to the measured data. For the thick gooseneck joint 

specimen correspondence was lowest between -19 to -10 % indicating that the FEA model 

was of higher stiffness than the measured data. The lower stiffness could be explained by 

the higher amount of annual rings close to the pith in the region of highest stresses in thick 

gooseneck joint specimen; because of the higher juvenile wood amount with is lower 

Young’s modulus and density. Due the similar position of load transfer in the tensile 

specimen this effect is not observed. 

Notably good agreement for both joints is achieved under tensile load with the material 

properties stated by Niemz (1993) with a maximum difference of 4% to the measured data. 

Furthermore with 5% the difference between the FEA and experimental data in tension is 

lower than for compression with 9%. These results might indicate the similar stiffness and 

anatomical properties of the tensile specimen. 

 

 
 

Fig.5    Comparison of FEA mean displacement with measured results at 40% of the 

ultimate load for the simple (SGJ) and thick gooseneck joint (TGJ) in tension (T) and 

compression (C).   
 

Generally the FEA and measured displacement results are with ±10% for compression and 

for tension with ±4% in good agreement with experimental data. Also anatomical features 

of the specimen affect the stiffness of the joints. So, joints with e.g. knots in the region of 

joining, high grain angle or damages are imaginable, which reduce the generalized accuracy 

of the results. Therefore individual modelling of the timber or EWP based on computer 

tomography (CT) data e.g. proposed by Entacher et al. (2012) or calculating the grain angle 

(Ekevad 2004) and relating it to the Young’s Modulus as e.g. summarized by Kollmann 

(1968) could increase accuracy of wood-to-wood joint products. The displacements are 
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calculated solely under the assumption of Hooke’s law, but the likeliness of failure is not 

investigated. The application of failure criterions such as e.g. Norris & others (1950),Tsai-

Hill (Azzi & Tsai 1965), Hoffman (1967) or Tsai & Wu (1971) could allow the prediction 

of failure. 

Apart from increasing accuracy and to account for inhomogeneity of wood, the strength 

and stiffness of the joints could be increased by e.g. reinforcing the protruding area of the 

joints with veneers or timber plates glued on to the joints surface with the fibers in the 

direction of the joints. Therefore the relatively simple FEA models could be a good starting 

point for initial, time efficient investigations.  

 

CONCLUSION 

 

This study showed that with a linear elastic orthotropic FEA model the behaviour of the by Rebstock 

(2015) proposed CNC manufactured thick and simple gooseneck joint are good approximated. 

Exemplarily ideas to model inhomogeneity in FEA of the wooden material are based on CT-data 

and predict strength is presented. 
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