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ABSTRACT 
 

In this study, computer aided technology was utilized to improve the traditional grid 
shoulder mortise-and-tenon joint (GSMTJ). Firstly, the traditional GSMTJ was redesigned 
through using separated loose tenon by the computer aided design (CAD) software called 
AutoCAD. And then the mechanical strengths of the traditional GSMTJs and the improved 
GSMTJs were compared and analyzed using the experimentally validated finite element 
method (FEM) based on the computer aided engineering (CAE) software called ABAQUS. 
Finally, the GSMTJs were further investigated from perspective of manufacturing efficiency 
using the computer aided manufacturing (CAM) software called JDSoft SurfMill. Based on 
the above simulation analysis, the improved GSMTJ was validated to be equivalent strength, 
high manufacturing efficiency increasing by 11.5%, low processing load ratio decreasing by 
30%, as well as less wood material cost reducing by 3.6% compared with the traditional 
GSMTJ. The proposed improved GSMTJ was validated to be more suitable to modern wood 
processing machines. In addition, the methodology of combining the CAD, CAE, and CAM to 
wood products design was proofed efficient, economic, and feasible, and can be also used in 
design of other products. 
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INTRODUCTION 

It is known that traditional Chinese furniture reached the peak of furniture design in 
Chinese ancient, in aspects of materials (Lin et al. 2022, Deng et al. 2023, Zhao et al. 2022), 
carving (Tang et al. 2022, Niu and Huang 2022), structure (Miao et al. 2022, Tu et al. 2022), 
surface furnishings (Xia et al. 2023, Qi et al. 2023, Zhu et al. 2024). Lots of practical and 
ingenious mortise-and-tenon joints were invented for connecting different members of furniture. 
Round (oval) and rectangle mortise-and-tenon joint has been widely investigated, especially, in 
structural strength using experimental and simulation methods (Smardzewski 2008, Kasal et al. 
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2016, Bai and Guan 2022, Xiong et al. 2023, Xu et al. 2023, Lyu et al. 2023). While, few 
systematic studies on grid shoulder mortise-and-tenon joint (GSMTJ) were studied from 
the view of design, strength, and manufacturing efficiency using virtual simulation method 
combining computer aided design (CAD), computer aided engineering (CAE), and computer 
aided manufacture (CAM) together. With the development of computational simulation 
software, it is possible to visually simulate the complete industrial process of intelligent 
furniture design and intelligent manufacturing (Zhou et al. 2022a,b, Luo et al. 2023, Zhu et al. 
2022, Wang et al. 2023).  

As one of the traditional mortise-and-tenon joints, the GSMTJ was commonly used in 
constructing leg and stretcher with a technology seam or lines in appearance to make 
the furniture more delicate compared with common rectangle or round mortise-and-tenon joint. 
In addition, the GSMTJ also has a satisfied strength in practice of usage. Although modern 
furniture industry and design have been developing so much in China, the traditional furniture, 
especially mortise-and-tenon joint, is also widely accepted by consumers. Meanwhile, 
intelligent manufacturing has been a hot topic in furniture, and has been partially realized in 
panel furniture manufacturing. However, for solid wood frame furniture constructed by 
mortise-and-tenon joint, it’s a really a tough issue to process traditional mortise-and-tenon joint, 
which is the main obstacle standing in the road leading to intelligent manufacturing.  

Therefore, to improve the structure of GSMTJ, modernize it to the advanced wood 
machines, and keep original appearance and adequate strength, the GSMTJ was redesigned and 
analysed using the virtual simulation methods combining the CAD, CAE, and CAM. 
Meanwhile, this study also provides a case of simulating structure design and manufacturing of 
wood products using the CAD, CAE, and CAM together, which contributes to the optimal 
design of wood products and other products design. 
 
 

MATERIAL AND METHODS 

Material properties of wood 
Tab. 1 shows the basic mechanical properties of beech wood (Fagus orientalis) (Hu and 

Chen 2021), which was used in modelling the finite element model of grid shoulder 
mortise-and-tenon joint (GSMTJ) to simulate the mechanical behaviours of the GSMTJs.  

 
Tab. 1: Mechanical properties of beech wood. 

Modulus of Elasticity (MPa) Poisson’s Ratio (dimensionless) 
EL* ER ET ʋLR ʋLT ʋRT ʋTR ʋTL ʋRL 

12205 1858 774 0.502 0.705 0.526 0.373 0.038 0.078 
Shear Modulus (MPa) Yield Strength (MPa) Ultimate Strength (MPa) 

GLR GLT GRT L R T L R T 
899 595 195 53.62 12 6.23 59.20 48.88 23.82 

Note: E is elastic modulus (MPa); ʋ is Poisson’s ratio; G is shear modulus (MPa); L, R, and T refer to 
the longitudinal, radial, and tangential directions of beech wood, respectively. 
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Dimensions of GSMTJ specimens 
Fig. 1 shows the configurations of T-shaped sample constructed by the traditional big 

GSMTJ as well as the dimensions of the mortise and tenon.  

(b) 

(a) (c) 
Fig. 1: (a) Configurations of T-shaped sample constructed by grid shoulder mortise-and-tenon 
joint, (b) mortise, and (c) tenon. Units in mm. 
 

Fig. 2 shows the design schemes of four types of GSMTJs. The difference between 
traditional and improved GSMTJ is that the tenon and tenon member of traditional joint are 
processed together as a whole, while the improved GSMTJ adopts a separated loose tenon. 
Compared with big and small GSMTJ, the only difference is the shoulder appearance. 

 

 
(a) (b) (c) (d) 

Fig. 2: Structure diagrams of grid shoulder mortise-and-tenon joint (GSMTJ): (a) traditional 
big GSMTJ, (b) traditional small GSMTJ, (c) improved big GSMTJ, and (d) improved small 
GSMTJ. 
 
Finite element model and verification 

Fig. 3a shows the finite element model of the GSMTJ T-shaped samples established using 
the CAE software (ABAQUS 6.14-1, Dassult, Providence, RI, USA) considering orthotropic 
properties and large deformation of wood. The mechanical properties used in this model were 
determined from beech wood shown in Tab. 1. Ductile damage was used as a stress criterion in 
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the model. Local coordinates were used to define the grain orientations of the leg and 
the stretcher, i.e., x, y, and z corresponded to the longitudinal, radial, and tangential directions, 
respectively. The model was a semi-rigid joint T-shaped model. The interactions between 
the mortise and tenon were surface-to-surface contact (Hu and Chen 2022). For the wide 
direction of the tenon, the penalty contact property was specified with a friction coefficient of 
0.54 to simulate the friction behavior between the mortise and tenon with a 0.1 mm interference 
fit. For the thick direction of the tenon, Cohesive Contact Property was applied to simulate 
the cohesive bonding behavior. The parameters needed in the ABAQUS, Knn, Kss and Ktt, were 
1.23, 3.49 and 2.45 N/mm, respectively. The loading conditions was that a 30 mm displacement 
load was applied at the point 30 mm from the end of the stretcher to get the force applied at 
the loading point. The mesh of the model is also shown in Fig. 3b, and the sizes of all elements 
were approximately 5 mm. For contact parts, the sizes of the elements were approximately 
2 mm. The element type was C3D8, which is an 8-node linear brick element that was assigned 
to the T-shaped sample. The loading head was directed to R3D4, which is a 4-node 3-D bilinear 
rigid quadrilateral element. 

 

 
(a) (b) 

Fig. 3: (a) Finite element model of sample constructed by grid shoulder mortise-and-tenon joint 
(GSMTJ) and (b) setup for measuring bending moment capacity of the GSMTJ. 

 
To validate the finite element model proposed above, the experimental tests were 

conducted using the traditional big GSMTJ (Fig. 2a). Fig. 3b shows the setups for measuring 
the bending moment capacity of the traditional big GSMTJ. The load point and constraints were 
identical to the finite element mode shown in Fig. 3a. The loading speed of the universal testing 
machine was 5 mm/min, and the load head was controlled by displacement. The bending 
load-displacement curves, maximum load value, and failure modes were recorded with 5 
replications. 
 
Experimental design 

With the aim of saving time and cost of experimental tests, the optimization of the GSMTJ 
was conducted by numerical analysis based on the experimentally validated finite element 
model. The finite element model was validated experimentally using the traditional big GSMTJ 
sample shown in Fig. 3a. The four types of GSMTJs were modelled based on the method 
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described in the finite element modelling section. The Von Mises stress distributions and 
load-displacement curves of all joints were exported for comparison. To further analysis, 
bending moment and elastic stiffness of the four joints were derived using Eq. 1 and Eq. 2, 
respectively: 
 

M = F · L         (1) 
K = ΔF / Δδ         (2) 

 
where: M is bending moment capacity (Nm); F is ultimate force (N); L is length of moment arm 
(mm); K is elastic stiffness (N/m); ΔF is change of force in the linear portion of the bending load 
and deflection curve (mm); Δδ is the change in deflection corresponding to ΔF (mm). 
 
Manufacturing simulation 

As stated above, the main aim of this paper is not to increase the strength of GSMTJ, but to 
improve the structure of the GSMTJ and modernize it to the advanced wood machines. 
Therefore, the machinability of the four types of GSMTJs was simulated and compared using 
the computer aided manufacturing (CAM) software JDSoft Surfmill Pro 8.0 (Beijing JingDiao 
Group, China). The simulation processing time, processing load, and waste of wood material 
were analyzed and compared. The parameters used in the CAM software were identical for all 
GSMTJs. The machine tool was as 4 mm flat bottomed knife selected based on the geometry of 
the sample. The spindle rotating speed was 15980 r/min with feed speed of 6 mm/s. The cutting 
depth in axial were 5 mm. 

 
RESULTS AND DISCUSSION 

Validation of the finite element model 
Fig. 4 shows load-displacement curves of the experiment and FEM of the traditional big 

GSMTJ (Fig. 2a). It can be drawn that the finite element model established in this study 
simulates the mechanical behaviours of the GSMTJ well (Fig. 4a).  
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Fig. 4: (a) Comparison of load and displacement curves between experiment and FEM, and 
(b) load-displacement curves of the four types of grid shoulder mortise-and-tenon joints. 
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The whole trend of load-displacement curves between tests and FEM are quite identical. 

The maximum loads of the FEM and mean values of experimental tests are 535 N, and 496 N 
with a coefficient of variance of 8.9%. The ratio of the observed to the FEM is 0.927, which 
indicates that the finite element model is capable of being used to optimize the GSMTJ. Fig. 4b 
shows the load-displacement curves of the four types of GSMTJs, which indicated that four 
types of joints underwent the same mechanical process including elastic stage, plastic stage, and 
failure stage. The elastic stiffness, K=ΔF/Δδ, and ultimate load, Fmax, are nearly identical. 
 
Optimization of the GSMTJ 

Fig. 5 shows the Von Mises stress distributions on mortises and tenons and failure modes 
of GSMTJs when reaching their maximum load. The tensile stress was observed on top surface 
to tenon, and compression stress located at the bottom of tenon and mortise. The damage and 
failures of GSMTJs were occurred when the tensile stress at the roots of tenons reached 
the maximum stress of wood material. The difference between four types of GSMTJs was that 
the separated tenons of the two improved GSMTJs were pulled out slightly compared with 
the two traditional GSMTJs with integral tenons. 

 

 

    

(a) (b) (c) (d) 

Fig. 5: Failure modes of four types of grid shoulder joints: (a) traditional big, (b) traditional 
small, (c) improved big, and (d) improved small. (Unit: MPa) 

 
Tab. 2 summarizes the mechanical properties of traditional and improved GSMTJs, 

including ultimate load, bending moment capacity and elastic stiffness. It suggested that 
although certain differences of mechanical properties were found between traditional GSMTJs 
and improved GSMTJs, these differences were not markable. Meanwhile, comparing the big 
and small GSMTJs, it can be also concluded that the big and small grid shoulder nearly had no 
difference in mechanical properties except in appearances. The main reason is that most of 
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the external load is carried and resisted by the tenon (Záborský et al. 2017, Tankut and Tankut 
2005, Kasal et al. 2015), while the grid shoulder is only a decoration. 

 
Tab. 2: Mechanical properties of grid shoulder mortise-and-tenon joints. 

GSMTJ Ultimate load (N) Bending moment (N·m) Elastic stiffness (N/m) 
Traditional big 534.93 58.84 0.131 
Traditional small 573.82 63.12 0.117 
Improved big 554.98 61.05 0.113 
Improved small 530.26 58.33 0.148 

 
Machinability of the GSMTJ 

The processing procedure and processing load ratios of the traditional big GSMTJ were 
taken as an example and shown in Fig. 6. For processing the mortise of GSMTJ, first step is to 
drill the mortise, and then cut shoulder groove, finally, clean the corner of shoulder grove. 
For manufacturing the tenon of GSMTJ, first step is to mill tenon, and then clean bottom of 
tenon, finally, cut shoulder. The processing loads of each step were analyzed. 

 

(a) (b) (c) 

(d) (e) (f) 
Fig. 6: Simulation processing procedures and processing load ratios of traditional big grid 
shoulder mortise-and-tenon joint: (a) drill mortise, (b) cut shoulder groove, (c) clean the corner 
of shoulder grove, (d) mill tenon, (e) clean bottom of tenon, and (f) cut shoulder. 

 

Tab. 3 summarizes the simulation processing time, maximum processing load, and waste 
of wood materials of the four types of GSMTJs evaluated. Simulation processing time is 
an indicator that reflects the processing efficiency. In this study, the processing time of mortise 
and tenon was summed. According to the Figs. 1 and 2, the mortise members of traditional 
GSMTJs were identical. Thus, the main difference was processing time of tenon member. 
Tab. 3 shows that simulation processing time of the improved big GSMTJ and the improved 
small GSMTJ were less than those of traditional big GSMTJ and traditional small GSMTJ, 
respectively. The separated loose tenon is available from original manufacture. 

 
Tab. 3: Comparisons of processing parameters of the evaluated GSMTJs. 

Joint type 
Simulation 

processing time (s) 
Processing 

load ratio (%) 
Waste of wood 
materials (cm3) 

Traditional big GSMTJ Mortise 37 44.36 3.11 
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Tenon 59 97.67 7.55 

Improved big GSMTJ 
Mortise 37 44.36 3.11 
Tenon 48 58.69 7.17 

Traditional small GSMTJ 
Mortise 36 44.36 3.05 
Tenon 58 97.67 7.61 

Improved small GSMTJ 
Mortise 36 44.36 3.05 
Tenon 47 70.04 7.23 

 

Processing load ratio is a parameter to evaluate the processing difficulty and coefficient of 
danger (Zhu et al. 2022, Yu et al. 2023). The higher processing load ratio is, the more difficult 
the processing is. Also, the higher processing load is, the more dangerous the milling cutter is. 
Tab. 3 shows that the maximum processing load ratio was obtained when milled the traditional 
GSMTJ tenon with a value of 97.67%. By contrast, the processing load ratio decreased 
markable to 58.69 % and 70.04% when milled the improved big GSMTJ tenon and improved 
small GSMTJ tenon, respectively. In addition, wood processing is a typical reduction 
manufacturing. Therefore, the cost of wood materials must be taken into consideration. 
Traditional mortise member of GSMTJ and improved mortise member are identical. While for 
tenon member, the improved GSMTJ can save nearly 3.6% wood materials in volume. Overall, 
the optimized GSMTJs have advantages on processing time, processing load, waste of wood 
materials. 
 
 

CONCLUSIONS 

In conclusion, the traditional Chinese joint, grid shoulder mortise-and-tenon joint 
(GSMTJ), was studied by computer aided technology combining the CAD, CAE, and CAM. 
Following conclusions were drawn: (1) The finite element model proposed was experimentally 
validated to be capable of optimizing the GSMTJ with a ratio of 0.927. (2) The strength of 
improved GSMTJ had the adequate mechanical strength compared with the traditional GSMTJ. 
(3) The processing efficiency, represented by simulation processing time, of the improved 
GSMTJ increased by approximately 11.5%. (4) The processing load ratio of the improved 
GSMTJ decreased markablely, which made the machining process easier and safer. 
(5) The improved GSMTJ reduced cost of wood materials. Thus, the machinability of the 
improved GSMTJ was much improved, and suitable to modern processing machines. 
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