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Abstract: 

It is still a challenge to manufacture traditional three-way Zongjiao mortise-and-tenon joints 

using modern CNC-based machines. This study aimed to improve the structure of the 

Zongjiao mortise-and-tenon joint, a commonly used three-way corner joint in wood furniture, 

to better align with modern manufacturing practices. First, four improved mortise-and-tenon 

joint types were designed, and their appearances were evaluated. Secondly, mechanical tests 

and numerical analyses were conducted to compare the four improved types and two previous 

types using bending strength and load difference ratio (DR) between the two horizontal 

members of the joint. Subsequently, the machinability of all types of joints was evaluated 

through processing time (PT), cutting force (CF), and number of effective programs (NEP). 

The results showed that the maximum bending strength of the Zongjiao M-T joint was 

observed in Type D, and the load DR between the two horizontal members was 13,79. The 

improved Type D has the lowest milling CF of 182 N and the minimum PT of 32 minutes 

with the least NEP. Through a comprehensive analysis of all the above indices evaluated, it 

was found that the improved Type D of Zongjiao mortise-and-tenon joint was superior to 

others, considering appearance, mechanical strength, and machinability. This study provided 

a paradigm for optimizing wood furniture joints, which can also be applied to other wood 

products. 
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Introduction 

 



 

 

 

Mortise-and-tenon (M-T) joints are widely used in wood constructions and wood products, 

such as furniture, doors, windows, and stairs. Many researchers tried to optimize M-T joints 

to get high strengths in terms of size (Kiliç et al. 2018, Záborsky et al. 2017a, Hu and Chen 

2021), wood species (Záborsky et al. 2017a, Zhu and Niu 2022, Luo et al. 2023), and tenon 

fit (Záborsky et al. 2017b, Liu et al. 2024) and glue type (Záborsky et al. 2017a, Zou et al. 

2024a,b, Lin et al. 2023, Bai et al. 2024).  

Zongjiao M-T joint, a three-way corner joint, is a traditional furniture connecting method 

(Figure 1), commonly used to construct the tabletop and the legs of tables (Tang et al. 2022, 

Zhao et al. 2021, Qi et al. 2023). The connections between different components of Zongjiao 

M-T joints generate structural lines as prominent appearance features, which is an attractive 

aspect of furniture (Chen and Xu 2024, Zhou et al. 2024a, Zhou et al. 2024b, Lu et al. 2024). 

However, it is composed of three members vertically connected in three directions, making 

its internal structure relatively complex compared to other M-T joints. The traditional 

processing method of the Zongjiao M-T joint was mainly manufactured by hand with low 

efficiency. Meanwhile, modern automated processing methods, such as five-axis Computer 

Numerical Control (CNC) machine tools and tenon milling machines, have high costs and 

inflexibility (Xiong et al. 2024, Wang and Yan 2024). Processing a rectangle mortise is tough 

work for modern machines. This dilemma needs to be solved to make the Zongjiao M-T joint 

alive in modern wood products. 

 



 

 

 
Figure 1: Construction of a traditional Zongjiao M-T joints: (a) assembly, (b) horizontal 

member 1, (c) horizontal member 2, and (d) vertical member. 

 

Upon the improvement of the Zongjiao M-T joint, some researchers had made attempts. 

Among these studies, Zhao et al. (2021) proposed a new improved type of Zongjiao M-T 

joint considering its processing efficiency, bending strength, and appearance. The results 

showed that the proposed method not only retained the appearance of the Zongjiao M-T joint 

but also increased the bending strength by 20 %. However, the processing time increased by 

15 %. Tang et al. (2019) compared the strength and processing time of hand-made Zongjiao 

M-T joints and CNC-made improved joints. The results showed that both the strength and 

processing time of the CNC-made Zongjiao M-T joint were improved over those of the hand-

made Zongjiao M-T joint. These studies proposed new methods of manufacturing Zongjiao 

M-T joints to suit the modern manufacturing processing machines. However, the Zongjiao 

M-T joint still has potential to be improved by considering the processing parameters and 

strength. 

With technological advancements, the processing method of M-T joints has evolved from 

manual to automated processing. Some researchers have used computer-aided manufacturing 

to improve the design and analysis of M-T structures (Uysal et al. 2019, Tang et al. 2019, 

Tang et al. 2022). Computer-aided engineering (CAE) is widely used to design, improve, and 



 

 

analyze M-T structures (Hu and Chen 2021, Kasal et al. 2016, Miao et al. 2022), particularly 

the finite element method, which has been widely used to simulate the mechanical strength 

of M-T structures. Concerning the finite element method (FEM) used in wood furniture, 

previous studies utilized FEM to optimize the entire furniture structures and joints (Prekrat 

and Smardzewski 2010, Smardzewski 2008, Zheng et al. 2024). In these studies, the wood 

was regarded as an orthotropic material, and M-T joints were rigid or semi-rigid contacts. 

These studies proved that it can be used as a validated method in comparative analysis.  

Integrating computer-aided technology and automated manufacturing equipment with M-T 

joints helped optimize structural performance, improve production efficiency, and preserve 

excellent traditional culture. This study aimed to propose improved methods of 

manufacturing the Zongjiao M-T joints to be compatible with modern processing methods. 

Specifically, four new types of Zongjiao M-T joints were designed and compared with the 

existing two types reported in published results in terms of machinability and strength based 

on experimental and numerical methods. The optimal type was obtained by comprehensively 

analyzing all evaluated indices. 

 

 

Materials and methods 

 

 

Materials 

 

 



 

 

The beech (Fagus orientalis Lipsky) wood is commonly used in manufacturing wood 

products, especially in China and Europe, due to its adequate strength and delicate grain. In 

this study, beech wood lumbers were bought from a local commercial wood supplier (Nanjing, 

China), imported from Europe, and stored in the laboratory for more than 12 months to reach 

air-dry condition before manufacturing samples. The moisture content and density of beech 

wood were 12 % and 700 kg/m3. 

 

 

Specimen preparations and appearance evaluation 

 

 

Figure 2 shows the dimensions (unit: mm) of all types of Zongjiao M-T joints A, B, C, D, E, 

and F, respectively. Among these types, A, B, C, and D were proposed in this study. Types E 

and F were designed by previous researchers, Tang et al. (2022) and Xue (2013), respectively. 

The outline dimensions of all specimens are identical, measured at 40 × 40 × 150 mm, but 

the dimensions of the mortise and tenon are various. All samples were constructed by three 

members and assembled without glue. One aim of this study was to keep the appearance of 

the traditional Zongjiao M-T joint as much as possible. Therefore, the appearances of all 

proposed types were also set as an index to evaluate all types of joints in terms of external 

structural lines compared with the traditional Zongjiao M-T joints.  

The score of each joint’s appearance was shown in Table 1. All types of joints nearly retain 

the appearance of the traditional joint, except Type A. The improved Zongjiao M-T joint Type 

A came from a traditional Zongjiao M-T joint structure known as a double tenon Zongjiao 



 

 

M-T joint. This structure had two tenons, one long and one short, fixed at the bottom of the 

vertical specimen. The two tenons engaged with the two mortises on the horizontal 

component, thereby facilitating the connection of the three individual members. The 

horizontal specimens were connected using cube-shaped tenons and mortises, with the 

structural line exposed at the top of one of the horizontal specimens. In the improved Type 

B, the internal shape of the Zongjiao M-T joint resembled ancient Chinese city walls (Deng 

et al. 2024a,b).  

The horizontal and vertical specimens were tightly connected by serrated tenons and mortises. 

The characteristic of the improved Type C had a corresponding circular mortise on both sides 

of the vertical specimen and at the bottom of the horizontal specimen. The vertical and 

horizontal specimens were connected by a total of four circular wood tenons, bought from a 

commercial wood shop, in two directions, with the lengths of the circular tenons staggered 

to maximize the internal space of the specimen. In improved Type D, each specimen had the 

same shape with two slopes, and they were connected by wood domino tenons bought from 

a commercial wood shop. 

 



 

 

 



 

 

Figure 2: Dimensions (unit: mm) of specimens: (a) Type A, (b) Type B, (c) Type C, (d) 

Type D, (e) Type E, and (f) Type F. 

 

Table 1: Scoring the appearance of joints compared with the traditional joint. 

 

 

 

Experimental procedure 

 

 

Bending strength test 

 

 

Figure 3a illustrates the device used to measure the bending strength of improved Zongjiao 

M-T joint types using a universal mechanical testing machine (AGS-X, SHAMDZU, Japan). 

The bottom of the vertical component was fixed, and a vertical downward displacement of 

5mm/min was applied at a distance of 140 mm from the end face of the horizontal member. 

Because the two horizontal members can’t be tested synchronously due to a lack of clamps, 

only one side can be evaluated at a time. For Types A and B, two sides were measured, 

respectively, because two horizontal members were asymmetric. In terms of Types C and D, 

only one side was measured since two sides were symmetric. The maximum bending strength 

and load displacement curve were then recorded. There were 40 samples tested with 10 

replications for each improved type.  



 

 

 

 
Figure 3: Setup for measuring the bending strength of Zongjiao M-T joints: (a) mechanical 

tests, and (b) numerical simulation. 

 

 

Strength simulation using CAE 

 

 

To compensate for the deficiencies of experimental tests, Figure 3b shows the finite element 

model of improved Zongjiao M-T joint types established using ABAQUS (2024, Dassault 

Systèmes, USA) to evaluate bending strengths at two horizontal members. The modeling 

methods were referred to our previous study (Hu and Chen 2021), which has been proven to 

be viable for simulating the strength of M-T joints. The difference ratio (DR) of bending 

strengths at two horizontal members was calculated by Equation 1 to evaluate if two 

horizontal members were in equilibrium. 
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where hBLR  and lBLR  mean two sides of the Zongjiao M-T joint with high and low bending 

strengths at two horizontal members, respectively. 

The specific modeling method imposes displacement in the dividing line area on the upper 

surface of the horizontal specimen to simulate the load process. These areas were located 5 

mm from the end of the horizontal specimens and have dimensions of 10 × 100 mm. The 

beech wood was regarded as an orthotropic material by inputting its elastic constants (Hu 

and Chen 2021). For contact behaviors of the Zongjiao M-T joint, the contact attributes 

include normal and axial behavior. The tangential friction formula was defined as “penalty”, 

and the friction coefficient was set to 0,54. Universal contact or face-to-face contact was 

established. In the interaction module, a grounding spring was added at the end of the 

specimen, with a small spring stiffness, to provide constraints to the horizontal members in 

the initial analysis step. 

 

 

Machinability evaluation 

 

 

The machinability of all proposed types was evaluated based on cutting force (CF), number 

of effective programs (NEP), and processing time (PT). The number of effective programs is 



 

 

a parameter to evaluate the complexity of the G-code input to CNC, which is equal to the 

total program minus duplicate programs. Process time was obtained based on real 

manufacturing, while cutting force and number of effective programs were obtained by the 

virtual processing simulation. 

Figure 4 shows a representative processing path of Type A of the Zongjiao M-T joint based 

on the computer-aided manufacturing software, MasterCAM (2024, CNC Software Inc., 

USA). The improved Zongjiao M-T joint type models were input into the MasterCAM 

platform for machining simulation and programming using a virtual 2,5-axis CNC equipment. 

MasterCam was utilized for cutter path planning and programming. Pre-processing of the 

machining simulation involved setting machining planes, selecting program types, and 

configuring machining parameters.   

 

 
Figure 4: Representative processing path of simulating manufacturing Zongjiao M-T joint 

of Type A (The red line represents the blank of the wood sample. The line in purple means 

the boundary of processing. Blue and yellow lines indicate the processing path and the path 

of removing the drill.) 

 



 

 

Manufacturing models of all types of joints were performed in MasterCam. The cutting force 

and number of effective programs were analyzed by Vericut (7.0, CGTECH, USA). The 

primary procedure was to input the model of improved Zongjiao M-T joint types into the 

CAM platform for machining simulation and programming using 2,5-axis CNC equipment. 

The machine tool was flat end mill with a diameter of 6 mm, and the feed rate was 100 m/min. 

Finally, all samples were machined using a 2,5-axis CNC machine milling cutter using the 

programs mentioned above. Processing time was calculated by summing up the processing 

time of all three members of each type. After completing the improved Zongjiao M-T joint 

type machining strategy and NC program development, a comparative analysis was 

conducted on the number of machining programs used for each member, hereinafter referred 

to as “program quantity”. The total number of programs and the number of duplicate 

programs for each type were counted separately. The number of effective machining 

programs is equal to the total number of programs minus duplicate programs. Furthermore, 

the score of each type of joint was obtained based on the rule that the lower the NEP value, 

the higher the score. For processing time (PT), the shorter the PT, the higher the score. The 

higher the cutting force (CF), the lower the score.  

 

Strategy of comprehensive comparison 

All six types of joints were evaluated based on the following 6 indices: appearance, bending 

strength, DR, NEP, PT, and CF. Each index has the same weight, and the sum of them is used 

as the final score to select the optimal type of joint.  

 

 



 

 

Statistical analysis 

 

 

An analysis of variance (ANOVA) general linear model (GLM) procedure was applied to 

study the effects of type on the bending strengths of Zongjiao M-T joints. Meanwhile, mean 

comparisons using the protected least significant difference (LSD) procedure were performed. 

All statistical analyses were performed at the 5 % significance level using SPSS (version 22.0 

IBM, USA). All evaluated variables were normalized and scored to comprehensively 

compare all types and obtain the optimal type.  

 

 

Results and discussion 

 

 

Bending strength of zongjiao M-T joints 

 

 

Figure 5 shows the load-displacement curves acquired from mechanical testing for each 

group of four improved Zongjiao M-T joint types. Throughout the loading process, the 

loading head experienced the reaction force of the horizontal member of the Zongjiao M-T 

joint. The mechanical behavior of each group in the improved design type of Zongjiao M-T 



 

 

joint structure can be roughly divided into four stages: the elastic stage, the initial plastic 

stage, the yield stage, and the failure stage. Initially, in the elastic stage, some improved types 

showed characteristics of the elastic stage of materials, with the displacement and load 

following a linear relationship. In the second stage, some types exhibited a curved shape, 

similar to the initial plastic stage of materials. In the third stage, after reaching the failure 

load, numerous improved types showed a stepped descent feature. During this stage, the 

structural stress changed relatively little, but the strain varied significantly. In the final stage, 

the structure was destroyed and the load rapidly decreased to near zero. 

 

 

Figure 5: Bending strength-displacement curves of all samples. 

 

Table 2 summarizes the mean values of bending strength (N) of all evaluated joint types and 

other researchers’ types. ANOVA results showed that the M-T joint type had a significant 
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effect on the bending strength of the joint with a p-value of 0,001 and an F-value of 53. The 

mean comparison results show that Type D is significantly stronger than those of other types, 

which may result from the fact that the geometric dimensions of the domino tenon of the 

Type D joint are higher than those of other joints. Additionally, two horizontal members of 

the Type D joint are symmetric, making the Type D joint more stable. Previous studies also 

reported that the bending strength of the M-T joint increased as the dimensions increased 

(Kasal et al. 2016, Kiliç et al. 2018). Compared with Types E, F, and traditional joints 

reported in previous studies (Tang et al. 2022, Xue 2013), the strength of the Type D joint 

also performed better than them. Furthermore, all types were scored according to the order 

of bending strength values used for the final comprehensive comparison. 

 

Table 2: Mean comparison of bending strength among the M-T joints. 

 
The values in the parentheses are the coefficient of variation (COV) in percentage. The values in the same 

row not followed by a common letter are significantly different at 5 % significance level. 

 

 

Strength simulation results of Zongjiao M-T joints 

 

 

Figure 6 shows the stress distributions of all evaluated types of Zongjiao M-T joints. As load 

displacement grew, the stress on the internal connecting structure reached its peak and caused 



 

 

it to separate. For Types C and D, the improved version, they exhibited a trend where the 

internal tenon was prone to being pulled out with increasing load displacement (Kasal et al. 

2016). Meanwhile, the mechanical behavior of the two horizontal members was not identical.  

Due to the different internal structures on the left and right sides of certain improved Zongjiao 

M-T joint types, they might exhibit varying behaviors when subjected to external forces. If 

there was a big difference between the horizontal specimens on both sides, it would impact 

the stability of the overall structure, with the weaker side determining the minimum load-

bearing capacity of the structure (Záborsky et al. 2017a, Záborsky et al. 2017b).  



 

 

 

Figure 6: Stress distributions of Zongjiao M-T joints: (a) Type A, (b) Type B, (c) Type C, 
(d) Type D, (e) Type E, and (f) Type F. 

 

Table 3 shows the difference ratio in bending strength between the two horizontal members 

based on numerical analysis. The improved Type F joint was the lowest with 7,5 % among 



 

 

all evaluated joints. These indicate that the mechanical strength of the left horizontal member 

was 7,5 % higher than that of the right side. However, its maximum bending strength was 

lower than that of the Type D joint (Table 2). The diameter of the wood dowel used in Type 

F might influence the bending strength of Type E, as well as the cross-section of members. 

Furthermore, the score of each type is assigned according to the DR, with the rule that a high 

score is assigned for low DR. 

 

Table 3: Comparison of the difference ratios of the bending strength between two 

horizontal members. 

 

 

 

Machinability evaluation results 

 

 

Number of effective programs (NEP) 

 

 

 Table 4 summarizes the number of effective programs (NEP) and score of each type of joint. 

The improved Type C required the highest total number and variety of programs. Improved 

Type D required a total of 6 programs, with 4 programs that can be reused, resulting in only 

2 effective programs needed.  



 

 

 

Table 4: Comparison of the program numbers of all evaluated Zongjiao joint types. 

 

 

 

Cutting force (CF) 

 

Table 5 shows that the most optimal solution, with the minimum cutting force, was improved 

Type D, which had a force of 182 N. In contrast, the maximum cutting force value was found 

in improved Type C, reaching 473 N. The improved joint Type D had the smallest maximum 

force value, which was 62 % smaller than the improved joint Type C. The force analysis 

based on Vericut indicated that due to the influence of parameter setting, the total force of the 

cutter may not accurately reflect the actual force value of the tool when cutting wood under 

real conditions. When the parameters of the machine tool, system, tool material, feed rate, 

etc., remain consistent, the force analysis serves as a standard for evaluating the improved 

Zongjiao M-T joint type structure (Xiong et al. 2024). The score of each joint type was 

obtained by complying with the rule that a high cutting force brought a low score. Excessive 

force on the cutting tool during the machining process resulted in tool breakage, posing a risk 

of injury to personnel (Jiang et al. 2022, Yu et al. 2023).  

 



 

 

Table 5: Comparison of the maximum cutting force of all improved Zongjiao joint types. 

 

 

 

Processing time (PT) 

 

 

Figure 7 shows photos of all machined members of each type using the same 2,5-axis CNC 

machine milling cutter and processing parameters. Here, the processing time represents the 

sum of time processing all three members of each type.  



 

 

 
Figure 7: Photos of all processed samples: (a) Type A, (b) Type B, (c) Type C, (d) Type D, 

(e) Type E, and (f) Type F. 

 

Table 6 shows that the longest PT is the improved joint Type C, which takes 71 minutes. The 

shortest processing time was the improved joint Type D, which takes only 32 minutes. 

Improved Type D had reduced the PT by 55 % compared with improved Type C.  

Table 6: Comparison of the processing time of all types of improved Zongjiao joints. 



 

 

 
 

 

Comprehensive comparisons and analysis 

 

 

Figure 8 summarizes all the indices for all evaluated types of Zongjiao M-T joints in terms 

of the scores using a radar chart. The comparison includes mechanical performance, 

machinability, and the appearance of the joints when the members are assembled (Figure 2), 

which reflects the visual characteristics of the joint structure. Considering all aspects, it can 

be concluded that Type D performed better than the others, with the highest score. Meanwhile, 

furniture manufacturers can select the most suitable joint type according to their production 

requirements.  

 



 

 

 
Figure 8: Radar chart of all evaluated types considering all indexes. 

 

 

Conclusions 

 

 

In this study, the traditional three-way furniture joint, Zongjiao mortise-and-tenon (M-T) 

joint, used in wood frame furniture, was investigated to suit the modern manufacturing mode 

using experimental tests and simulation methods, including computer-aided engineering 

(CAE), and computer-aided manufacturing (CAM) methods. The following conclusions can 

be drawn: 

1) The proposed three-way M-T joint Type D showed the best overall performance among 

the evaluated configurations, considering bending strength, the difference ratio (DR) 
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between horizontal members, cutting force (CF), processing time (PT), and the number 

of effective programs (NEP). 

2) The method of incorporating CAD, CAM, and CAE in optimizing the M-T joint is 

viable and effective, which can reduce the cost of engineers and designers. 

3) It is suggested that using modular connecting elements, such as dowels and domino 

tenons, is beneficial to make traditional joints to adjust to the modern manufacturing 

machine. 

4) This study presents a paradigm for optimizing wood M-T joints using experimental and 

simulation methods, which can also be applied to other wood products. 
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