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Study on Mechanical Strength of Cantilever Handrail
Joints for Chair

Shuang Li,® and Wengang Hu #*

Modern solid wood armchairs are developing in the direction of simplicity
and lightness, and favored by the market. However, the low mechanical
strength of the connecting joint of cantilevered handrails is an issue that
needs to be improved. In this study, the armrest joints of a cantilever
armchair made by beech (Fagus orientalis Lipsky) were examined. To
improve the mechanical strength of handrail joints, three novel joints were
proposed including dovetail tenon, cross-stepped tenon, and rear plug
corner tenon. The finite element analysis (FEA) was used to compare and
analyze the five joints to obtain the optimal joint. Finally, experimental tests
were conducted to verify the results of the FEA. The novel cross-stepped
tenon had better mechanical performance, i.e., bending moment capacity
and stiffness, than other joints evaluated. The maximum load of the novel
cross-stepped tenon was greater than that of the commonly used tenon.
In conclusion, the cross-stepped tenon was most suitable for cantilevered
handrail joint of chair. This study will contribute to the structural design of
modern solid wooden chairs.
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INTRODUCTION

To adapt to the sales model of e-commerce, reduce logistics costs, and facilitate
mass production, modern solid wood armchairs have been designed to be simple in
structure, light in shape, and elegant in appearance. During the use of wooden chairs, the
connecting nodes are often subjected to internal and external forces (Eckelman and
Haviarova 2006; Fu and Guan 2022). Therefore, the design of the connecting joints of the
chair is critically important (Erdil et al. 2005; Uysal et al. 2015; Xiong et al. 2021; Zhou
et al. 20223; Li et al. 2022; Wang and Yan 2022). Damage to the wooden chair commonly
results from the failure or damage of the connecting joint (Eckelman and Haviarova 2006).
Traditional tenon and tenon (M&T) joints are widely used in wood furniture frames (Erdil
et al. 2005), including the leg joints of cantilever armchairs (Boadu and Antwi-Boasiako
2017; Wang et al. 2022; Sun and Du 2022). Due to the overall lightness of the chair, the
armrest of the chair often has insufficient mechanical strength and is easily damaged due
to insufficient size wood materials and adhesive used in joints, as well as the process
technology (Cai and Zhou 2022; Hu et al. 2022; Zhao et al. 2022; Ding et al. 2022; Yang
et al. 2022; Zhou et al. 2022b; Zhu et al. 2022).
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Finite element analysis (FEA) has been used to study the tenon-and-mortise
structure for connecting nodes (Kasal et al. 2016; Yu et al. 2021). A detachable and
replaceable non-destructive flat steel sheath reinforcement method can prevent the tenon
from being pulled out (Niu and Huang 2020; Krzyzaniak et al. 2021; Xia et al. 2022), and
the initial stiffness and ultimate bearing capacity can be improved significantly (He et al.
2021; Okamoto et al. 2021; Pan et al. 2022a,b). The effects of tenon length, width, and
height on the stress distribution and properties of tenon-mortise joints were studied using
finite element model (Aejaz et al. 2022). The mechanical properties of the designed
clearance-penetrating tenon-tenon joint were investigated using a transverse four-frame
wood frame, a finite element model with bar elements and rotating springs, and a solid
FEM verification method; the resulting deformation characteristics and lateral resistance
of the wooden frame were analyzed (He et al. 2021). Three reinforcement modes of tenon-
jointed wood frames were proposed, and the experiments tested the lateral resistance of
tenons in traditional Chinese wood frames. One bay tenon timber frame was subjected to
three cycle tests, and three reinforcement methods of steel angle strengthening, wood
support and Timo were studied, which were used to provide theoretical basis for the seismic
design and reinforcement methods of traditional wood structures (Boadu and Antwi-
Boasiako 2017). Many studies have been performed, but the kind of tenon suitable for a
cantilever armchair remains unclear.

In this study, the joint applied to the cantilevered handrail chair was investigated to
find the suitable mortise and tenon joint in manufacturing. Three novel joints for
cantilevered handrail were proposed. Two commonly used joints and the three novel joints
were compared using FEA. Finally, experimental tests were conducted to verify the
validity of the optimal joint.

EXPERIMENTAL

Materials

The experimental material was beech (Fagus orientalis Lipsky) that was stored in
a woodworking lab for more than two years in air dry condition. The wood samples were
machined using the knot and crack free wood lumbers. The moisture content of the beech
wood was 9.46%, and the air-dry density was 0.69 g-cm™. Table 1 shows the basic
mechanical properties of beech wood (Hu et al. 2021).

Table 1. Mechanical Parameters of the Beech Wood

Elastic Modulus (MPa) Poisson's Ratio Yield Strength (MPa)
Ex Ev Ez Uxy Uvz Uxz Os
12205 1858 774 0.705 0.526 0.705 53.62

E is the elastic modulus (MPa); U is Poisson’s ratio; X, Y, and Z refer to the longitudinal, radial,
and tangential directions of the beech wood, respectively.

Experimental Design

This study was divided into three steps: 1) three novel joints were designed; 2) finite
element models were established to evaluate the three novel joints and two commonly used
existing joints through comparing the maximum stress and stiffness; 3) bending tests were
conducted to further compare the bending moment capacities of the commonly used
rectangle joints and the cross-stepped joints.
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Design of the Joints and Specimen Preparation
Mortise and tenon novel design

Two common connecting nodes for commonly used cantilever armchairs were
considered. One was rectangle tenon. Their structural forms are shown in Fig. la.
Rectangle tenon is one of the more common forms of tenon and mortise. Because its
mortise and tenon joints were all square, two kinds of square materials were used for
vertical and horizontal connection. Commonly used in chair armrests is the closed and not
through tenon. The rectangle tenon was usually processed so that the thickness is 0.1 to 0.2
mm smaller than the width of the tenon. When the application section size is large, two or
more tenons can be used to improve the connection strength of the tenons.

Another type of tenon structure most widely used in existing armchairs is split oval
tenon, as shown in Fig. 1b. Split oval tenon uses separate tenons on both sides to connect
the respective mortise. Oval tenon is a variant of rectangle tenon. The difference is that
both sides of an oval tenon are semi-cylindrical, and its structural shape is a processed
product of modern CNC machine tools. Compared with the whole tenon, the split tenon
has higher processing efficiency, higher material utilization, lower processing cost, and
easier standardized production, but its tensile strength and bending load are lower. To
address the problems of low mechanical strength and easy damage of existing cantilever
handrail joints, three novel joints of handrail chairs were proposed to strengthen the
mechanical strength of joints.

The first novel joint is a dovetail tenon, as shown in Fig. 1c. The two parts are
connected at right angles, and the tenon is in the shape of a ladder with a wide upper and a
narrow lower, hence the name "dovetail tenon". Plugging with a concave-convex
relationship between materials is the method of connecting dovetail joint and mortise. Its
advantage is that the installation steps were simple, and the tenon is only required to be
inserted into the mortise from the side. Dovetail tenon processing can be made by hand,
dovetail tenon machine, or automatic CNC machining machine. It has a simple structure,
convenient manufacture, and low manufacturing cost. After installation, only the joints of
the tenon and mortise are exposed, so the external appearance is better.

The second novel joint is a cross-stepped tenon, and its specific form is shown in
Fig. 1d. The structural characteristics of the modern cross tenon are referenced by this
tenon as a way to improve the cross tenon. One side of the tenon is transformed into a
trapezoid. The cross-stepped tenon increased the support point at the front end of the
handrail, which is used to increase the force bearing area of the tenon and share the force
for the front end of the handrail. Increasing the force-bearing area helped to reduce the
maximum stress and avoid the wood grain fracture at the stress point. The cross-stepped
tenon requires a variety of platforms with different heights to be processed at the tenon, so
there are many processing steps and high processing costs. After the installation, no
structural parts are exposed, and the external invisibility was good.

The third novel joint is a rear plug corner joint, and its specific form is shown in
Fig. le. Reinforcing ribs are used to enhance the compressive and tensile strength of the
front end of the armrest, which are connected to the armrest and chair legs respectively
through the sliding groove. When installing, the dovetail tenon is connected above the
tenon with the dovetail groove of the armrest, and then aligns the dovetail groove of the
chair leg with the long dovetail tenon below the plug from bottom to top. During
installation, the mortise side of the armrest needs to be chiseled with a mortise face of the
same angle as chair leg. The dovetail groove is connected with the mortise and tenon was
processed, and the chair leg is placed in the same way. This joint has many processing
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procedures, relatively high cost, and a large part of the plug tenon is exposed, so the
external appearance is not good.
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Fig. 1. Cantilevered joints: (a) rectangle tenon; (b) split oval tenon; (c) dovetail tenon; (d) cross-
stepped tenon; and (e) rear plug corner tenon

Configurations of the specimen

A square tenon drill was used for tenons, and a flat chisel and hand saw were used
for shoulders and stepped tenons. All mortise and tenon joints had the same external size,
as shown in Fig. 2a. The detailed size of joints is shown in Fig. 2b.
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Fig. 2. Dimensions of specimen: (a) T-shaped sample; and (b) joints

Numerical Simulation Method
The establishment of finite element model

The three-dimensional models of the cantilever handrail node were established by
SolidWorks, and the finite element simulation experiment was carried out on the node
through SolidWorks simulation. The main material of the model was selected as beech.
The operation steps for model materials and settings were as follows. First, the model type
was linear elastic orthotropic. A plane horizontal with the component direction was
selected to ensure that the wood grain was in the same direction. Second, the connection
model was global component contact. The contact type was non-penetrating. Thirdly, the
geometry was fixed with a fixture, and the end face of bottom of chair leg was selected as
the experimental position. Finally, the loading force for external loading was selected,
where the normal direction selected the upper edge of the front end of the handrail. The
direction selected by the reference plane selected the top surface of the handrail. A load of
800 N was applied downward perpendicular to the reference plane at the normal edge.
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Simulation analysis method

The simulation test referred to the experimental method, and the bending test was
carried out on the handrail. In this study, all freedoms of chair legs were fixed first. An 800
N load was applied to the end of the handrail vertically. The loading and constraint
conditions of the model are shown in Fig. 3, where the purple arrow is the position and
direction of the loading force, and the green arrow is the fixed position. The stiffness values
were calculated Eq. 1,

K=P/5 (1)

where K is stiffness (N/m), P is the constant force acting on the end of handrail (N; in this
study, it is 800 N), and ¢ is the deflection corresponding to force (mm).

800N 800N

Constraints Constraints

" () ()

Fig. 3. Finite element model: (a) loads and constraints; and (b) mesh model

Testing Method

Figure 4 shows the device for measuring the bending moment capacity of cantilever
joint. The equipment used in this experiment was a universal testing machine (AG-X,
20kN, Shimadzu, Kyoto, Japan). The specimen was fixed on the platform of testing
machine with a fixture, and a static load was applied to the specimen at a constant speed in
the vertical direction from top to bottom. The position of the fixture to clamp the specimen
was 25 mm from the reserved part of the joint of the specimen. To prevent the specimen
from hitting the fixture, the loading point was 90 mm away from the joint in horizontal
direction. The loading rate was 5 mm/min in the vertical direction. The maximum failure
load and corresponding deflection were recorded. The bending moment capacity of joint
was calculated using Eq. 2,

M=PL 2
where M is bending moment capacity in N-mm; P is the maximum load in N; L is the force
arm corresponding to the load in mm, which was set to 90 mm.

9o

25

Fig. 4. Setup for testing bending moment capacity of joints
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RESULTS AND DISCUSSION

Results of Numerical Simulations

According to the experimental requirements and the parameter settings of the
simulation, the finite element simulation analysis was carried out for each structural model.
The displacement and maximum stress data in the simulations were collected, and each
tenon was analyzed. The deflection and maximum stress of each joint simulation analysis
scheme are shown in Figs. 5 and 6. Specifically, the deflection of rectangle tenon was 54.1
mm and the maximum stress was 143 MPa, and the tenon structure had no obvious
deformation. The deflection of split oval tenon was 92.9 mm, and a maximum stress was
421 MPa. The mortise and tenon parts of the split tenon were exposed on the side,
indicating that the split tenon structure had been deformed. After the loading of 800 N was
applied, the deflection of dovetail tenon was 50.6 mm, and the maximum stress was 59.9
MPa. There was no obvious separation between mortise and tenon, and the structure form
was most complete. The deflection of the cross-stepped tenon joint was 50.7 mm, and the
maximum stress value was 86.2 MPa. In rear plug corner tenon, the deflection of tenon
was 57.1 mm, and the maximum stress was 367 MPa. The long dovetail joint of rear plug
corner tenon had compression deformation. The rear plug also had obvious deflection.
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Fig. 5. Displacement distributions of commonly used and novel joints: (a) rectangle tenon; (b) split
oval tenon; (c) dovetail tenon; (d) cross-stepped tenon; and (e) rear plug corner tenon
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Fig. 6. Stress distributions of commonly used and novel joints: (a) rectangle tenon; (b) split oval
tenon;(c) dovetail tenon; (d) cross-stepped tenon; and (e) rear plug corner tenon
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Combined with the finite element simulation experiment, the displacement and
stress of the five joints were obtained, and the stiffness value of each joint was calculated
using Eq. 1. Table 2 shows the results of stiffness and stress of the commonly used
rectangle joints and the four novel joints proposed in this study. The mechanical strength
of the dovetail tenon was the highest, and the stiffness and maximum stress were 15.8 N/m
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and 59.9 MPa, respectively. The stiffness and the maximum stress of the cross-stepped
tenon were 15.8 N/m and 86.2 MPa, respectively, which were consistent with the stiffness
of the dovetail tenon. The mechanical strength of the split oval tenon was the worst, with
the stiffness and maximum stress values of 14.0 N/m and 367 MPa.

Table 2. Stiffness and Maximum Stress of Commonly Used and Novel Joints

Joints Stiffness (N/mm) Stress (MPa)
Rectangle Tenon 14.78 143
Split Oval Tenon 8.61 421

Dovetail Tenon 15.81 60
Cross-Stepped Tenon 15.78 86
Rear Plug Corner Tenon 14.01 367

For cantilever handrail joints, high stiffness was needed to resist the force acting on
the end. According to the above numerical simulation results, the mechanical strength of
the tenon-and-mortise structure was analyzed. The best solution among the above five
solutions was cross-stepped tenon. Cross-stepped tenon exhibited good mechanical
properties and was close to dovetail tenon in terms of maximum stress and displacement.
However, cross-stepped tenon had no structural exposure compared to dovetail tenon, and
had better external aesthetics. Among the commonly used joints, the rectangular tenon had
the best mechanical strength. Further experimental study was based on these two tenons to
validate if the cross-stepped tenon has better strength performance when used in cantilever
handrail chair.

Experimental Results

Figure 7a shows the typical load-deflection curves of cantilever handrail jointed by
cross-stepped tenon and commonly used rectangle tenon. Figure 7b shows the average
maximum bending load of them with the values of 730.7 N and 896.4 N. The bending
moment of cross-stepped tenon and rectangle tenon cantilever handrail were 65800 N-mm
and 80700 N-mm, respectively, which were calculated using Eq. 2. In order to further
compare the strength of them, analysis of variance (ANOVA) based on general linear mode
(GLM) and least square difference (LSD) method were conducted at 5% significance level.
The analysis results indicated that the mechanical strength of cross-stepped tenon joint was
significantly higher than rectangle tenon joint. Thus, it can be concluded that the cross-
stepped joint performed better than rectangle joint when used in cantilever handrail joint
using FEM and experimental test.
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Fig. 7. Experimental results: (a) maximum failure load of the specimens; and (b) load stroke
curve of bending strength
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Failure modes analysis

Figure 8 shows the failure form of rectangle tenon in the commonly used joints.
The mortise and tenon of the test piece were separated to observe the degree of internal
damage. The tenon shoulder and the right side of the tenon were squeezed. In Fig. 8b, the
squeezed part on the upper left of the tenon had been severely fractured. In the lower right
part of Fig. 8c, the crushed part of the mortise is opposite to the direction of the wood grain,
and the damage degree is relatively small.

O ®
Fig. 8. Failure modes of rectangle tenon: (a) overall; (b) tenon; and (c) mortise, and cross-stepped
tenon: (d) overall; (e) tenon; and (f) mortise

As shown in Fig. 8, the failure mode of specimen in novel cross-stepped tenon was
squeezed at the tenon and the mortise in the right direction. The mortise and tenon of the
test piece were separated, and the degree of internal damage was observed. The upper left
part of the tenon was deformed by extrusion (Fig. 8e). The middle of the tenon was partially
broken at the extrusion point of the mortise.

The numerical and experimental results showed that the tenon-and-mortise
structure proposed in this study for the joint of chair armrests had better mechanical
strength and stability. However, only the finite element method had been used to compare
and analyze the maximum stress and magnitude relationship at failure between the
commonly used structures and the novel structures. Further research will pay attention to
a wider variety of connection methods between furniture components to increase the
mechanical properties of connection nodes more efficiently in furniture frames.

CONCLUSIONS

In this study, the bending strength of armrest joints of cantilever armchair were
studied using finite element method (FEM) and experimental tests to improve the
mechanical strength of handrail joints. Following conclusions were drawn.

1. Three novel joints, including dovetail tenon joint, cross stepped tenon joint and the rear
corner tenon joint were proposed to improve the bending moment capacity of the
cantilever handrail joint.

2. The finite element model was established and used to simulate and compare the novel
joints and commonly used rectangle joints in maximum stress and stiffness, which
indicated that the cross-stepped tenon performed better than the other joints evaluated
considering both strength and external appearance of tenon.

3. The experimental tests showed that the bending moment capacity of the cross-stepped
tenon joint had better performance than the commonly used rectangle joints in
cantilever handrail with the bending moments of 80700 N-mm and 65800 N-mm,
respectively.
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This study proposed three types of new joints used in cantilever armrest chair,
which were analyzed and compared with the commonly used rectangle joint, and validated
to be having higher strength. This study will contribute to design of modern cantilever
armrest chair, and make the joint more reliable in strength.
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