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Abstract: Ming-style round-backed armchairs as a classic Chinese chair design are renowned for the blend of
ergonomics, practicality, and elegance. Although the Chinese armchair furniture industry has made strides in
sustainability, there is still a need for further improvements in material selection, manufacturing processes,
and supply chain management to fully support the development of sustainable furniture. Laminated bamboo
lumber as new sustainable materials are becoming a popular option for furniture designers in the era of
"sustainable design". This research aims to investigate the feasibility and application of laminated bamboo
lumber in the design of Chinese armchair furniture and proposes innovative ideas for optimizing the
armchair's design. First, an empirical study was conducted to comprehensively understand the classification
of Ming-style round-backed armchairs’ structure to develop a 3D model. Secondly, an experimental research
method was then employed to explore the parameters of laminated bamboo lumber for future studies.
Additionally, a validation experiment was conducted to compare real-world scenarios with simulations using
finite element analysis in Ansys. Finally, finite element analysis was used to test the feasibility and application
of laminated bamboo lumber in furniture design, focusing on the material’s mechanical properties. Results
indicated that laminated bamboo lumber has excellent mechanical properties as furniture design materials,
subsequently, using the optimized results, the use of 0.6319 kg of steel was successfully reduced by 23.68% to
ensure the armchair’s stability. This provides a reference for the future compter-assist and standardized
innovative design of Chinese armchair. By incorporating compter-assist design and lightweight optimization,
it is possible to save materials and make more efficient use of resources, thereby contributing to sustainable
development goals in the field of furniture design.

Keywords: finite element method; laminated bamboo lumber; structure optimization design; Chinese Ming
dynasty armchair; sustainable design

1. Introduction

As the concept of "sustainable design" gains increasing recognition among consumers and
designers, more consideration is being given to sustainable and ecological materials in the selection
of raw materials for furniture production [1]. Increasingly, raw materials for furniture production
have shifted from scarce and expensive timbers like mahogany to sustainable materials such as
laminated bamboo lumber. These bamboo materials are lightweight, artistic, possess excellent
physical properties, are easy to process, and reduce transportation and processing costs [2].
Laminated bamboo lumber is made by processing fast-growing, short-cycle bamboo into wide and
thick bamboo sheets, drying them to a moisture content of 8-12%, and then glueing the sheets
together with an adhesive to form a profile [3]. The high strength of laminated bamboo lumber can
meet the demands of different structures in terms of the physical and mechanical properties of the
material [4]. Laminated bamboo lumber has been widely used in building formwork, carriages,
flooring, furniture and other products [5]. The current production process of laminated bamboo
lumber can flexibly control the size and length of its components and has a good prospect for
promotion and application [6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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As a bestselling and classic piece of Chinese furniture, the round-backed armchair originated in
the Tang Dynasty and became popular during the Ming Dynasty [7]. The round-backed armchair is
one of the representative pieces of Ming-style Chinese furniture as Figure 1 depicted [8]. The armrest
seamlessly connects to the back of the chair, creating a natural resting place for the arms [9]. This
design is not only ergonomic but also practical and aesthetically pleasing. The round-backed
armchair features a rounded upper armrest and a square seat cushion, symbolizing the traditional
Chinese cultural concept of a round heaven and a square earth [10]. Beyond its elegant and grand
appearance, the round-backed armchair is also notable for its exquisite craftsmanship and ingenious
design. The chair’s structure is assembled using traditional mortise and tenon joinery, including
techniques such as the dark falcon and interspersed tenon, which connect various component
structures [11]. This traditional method ensures that the connections are both strong and durable [8].

The join between
back and round

. The join between The join between
Ming-style | :
The structure of seat frame ronnlibacled arm ol leg and corss-brace leg and armchair

Figure 1. Classic design of Ming-style round-backed armchair.

Traditionally, designers rely on furniture design manuals and past experiences to determine
initial component dimensions [12]. Subsequently, they conduct mechanical safety and destructive
tests to refine these dimensions, a process both time-consuming and prone to material wastage [13].
This method, though common, lacks efficiency and precision. It involves multiple tests and a lengthy
cycle, often resulting in oversized or undersized components, failing to balance material conservation
and structural strength [14].

The Finite Element Method (FEM) in chair design is a sophisticated computational technique
used for structural analysis and optimization [15]. It enables designers to virtually test and analyze a
chair's structural integrity, predict stress and strain points, and ensure durability and ergonomic
comfort [16]. By simulating various materials and loads, FEM assists in material selection and design
refinement, allowing for the creation of chairs that are both aesthetically pleasing and structurally
sound [17]. This method accelerates the design process through virtual prototyping, reduces physical
testing costs, and promotes sustainable practices by optimizing material usage [18]. FEM's integration
with CAD/CAM systems further streamlines the workflow, making it an indispensable tool in
modern chair design for achieving a balance between functionality, comfort, and style [4].

Therefore, this paper aims to: 1) Optimize the structure of classic Ming-style round-backed
armchairs using finite element software to create a structurally sound design, uses less material, and
maintains high strength; 2) Test the mechanical properties of laminated bamboo lumber, the material
used in these armchairs, and input the data into the ANSYS Workbench material library to inform
material selection for future designs; and 3) Use ANSYS Workbench to assess the mechanical strength
and stability of the armchairs' Chinese connection structure, providing a reference for future designs.
Achieving a lightweight design by reducing the overall mass of the frame offers several benefits,
including enhanced market competitiveness, lower production costs, and shorter product
development timelines. Additionally, this approach leads to a decrease in energy consumption,
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carbon emissions, and resource use, thereby minimising environmental impact and contributing to
the product's overall sustainability.

2. Materials and Methods

This research investigates the feasibility and application of laminated bamboo lumber materials
in furniture design. As the design flow chart shows in Figure 2. First, empirical research was
conducted to comprehensively record the structure data of Ming-style round-backed armchairs,
followed by developing a three-dimensional (3D) model of a classic Ming-style round-backed
armchair. An experimental research method was then employed to explore the parameters of
laminated bamboo lumber for future analysis. Additionally, a validation experiment was conducted
to compare real-world scenarios with simulations using finite element analysis in Ansys. Finally,
finite element analysis was used to test the feasibility and application of laminated bamboo lumber
materials in furniture design, and optimization design, focusing on the material’s mechanical
properties [19].

Step 1: Ming-style round-backed armchair
dimension data and reviews

[ Reference standard GB/T 10357.3-2013 ]

I

{Develop a three-dimensional (3D)

model of a classic Ming-style
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Figure 2. Design flow chart.

3. Mechanical Testing and Analysis

3.1. Three-Dimensional Model of Ming-Style Round-Backed Armchair

In this paper, the author selected a classic single-person Ming-style round-backed armchair as
the main object of finite element method optimisation analysis which was manufactured by designer
Fang Hai in 1998 at Avanta Company in Finland as shown in Figure 1 [8]. The first generation of
Ming-style round-backed armchairs made of rosewood are heavy overall and cannot be easily carried
and placed as a work chair [20]. To make the Ming-style round-backed armchair suitable for more
occasions, new sustainable, high-strength and lightweight laminated bamboo lumber materials are
considered as the base material to design a new generation of Ming-style round-backed armchair
[21]. After contacting with designer. A detail of the connection methods between the components of
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Ming-style round-backed Armchair furniture during the structural design process. The components
of Ming-style round-backed Armchair furniture mainly include chair legs, backrest, seat, armrest,
and crossbeam [22]. The components are mainly connected through Chinese-style structures,
including mortise and tenon joints, bamboo nail joints, glue and paint joints, and connector joints. By
contacting the classic round-backed armchair’ designer, Fang Hai to measure the initial dimensions
of the chair, the geometric model of the chair was built with UG modelling software using the
collected data as shown in Figure 3. The three-view and three-dimensional diagram of the Ming-style
round-backed Armchair furniture [23].

588mm

‘g Ef « g,/. ’\3\

LT I

775mm

Front view

658mm

Ming-style round-backed

Over view armchair 3D model

Figure 3. 3D Model of Ming-style round-backed armchair.

2.2. Parameters of Laminated Bamboo Lumber

The material used to design the round-backed armchair is laminated bamboo lumbers, which is
a sustainable material with low density, high strength and high stiffness, and is an ideal raw material
for making furniture. The experiment involved testing the density, modulus of elasticity, and shear
modulus of bamboo lumber and integrals. For density testing, bamboo panels were obtained, and
small specimens were prepared, with an average density of 0.69 g/cm?® determined according to the
GB/T17657-2013 standard. The modulus of elasticity was measured in three directions (x, y, z) using
a DMA50 machine, yielding values of 26,938 MPa, 6,640 MPa, and 3,870 MPa, respectively. Shear
modulus testing was performed using a DMAS861 machine, with values of 574 MPa, 283 MPa, and
122 MPa obtained for the x, y, and z directions, respectively. The instruments used included digital
vernier calipers and an electronic balance for density testing, a DMA50 machine for modulus of
elasticity testing, and a DMA861 machine for shear modulus testing.
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Figure 4. The experiment instruments.

The parameters of laminated bamboo lumber obtained by consulting the relevant test standards
[24] for parameter testing results are shown in Table 1.

Table 1. Test results of laminated bamboo lumber parameters [25].

Item Density Ex/ Ey/ Ez/ Gz / Gy/ Gz/ C(;rt?}:;ei:/ve
g/cmd Mpa Mpa Mpa Mpa Mpa Mpa Vxy Vyz Vyz Mpga
Laminated
bamboo 0.69 2694 6640 574 3870 283 122 0.474 0.588 0.588 45
lumber

2.3. Validation Tests

This study used a universal electronic testing machine to perform a three-point compression test
on laminated bamboo lumber samples as Figure 5 shows. The sample, with dimensions 100mm x
14.08mm x 3.97mm, was loaded at a uniform speed of Imm/min up to 1000N, measuring the bending
angle and displacement without causing the sample to break. The results, including load,
compressive strength, and displacement, were recorded, and the test was followed by a finite element
analysis using ANSYS Workbench. The simulated results showed a maximum displacement of
1.95mm and stress of 40.605MPa under a 175N load, closely matching the real test values, as results
shown in Figure 6. Validating the reliability of the finite element method for analyzing laminated
bamboo lumber materials.
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Figure 5. Comparison loading between real situation and simulation.
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Figure 6. Comparison loading results between real situation and simulation.
4. Finite Element Optimization

4.1. Finite Element Analysis

The modelled circle chair model is imported into the finite element software ANSYS for the
structural strength simulation calculation of the chair.

- ..
Ming-style round-backed armchair pegail of seat connections

Detail among seat, legs
and corss-brance

Figure 7. Finite element model of Ming-style round-backed armchair.

The model imported into ANSYS software needs to be given the material parameter values, to
realistically simulate the characteristics of each anisotropy of laminated bamboo lumber in the
transverse, longitudinal and vertical directions, Solid 185 hexahedral unit body is selected as the basic
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composition of the model of the smallest finite element unit, and the parameters of bamboo integrals
measured before are imported into the finite element software to define the material properties of the
model, and the finite element model of the chair is obtained by mesh delineation through the
importation of the 3D model into the finite element software. The 3D model of the chair is imported
into the finite element software for meshing to obtain the finite element model of the chair, and the
number of meshing determines the time and accuracy of the calculation. Therefore, this test refers to
the usual furniture model of the accuracy of the mesh division of the cell size is set to 5mm, and the
number of meshes of the final model of the chair is divided into a total of 143,842 solid cells, and after
the mesh division of the overall finite element model of the chair. The finite element model of the
chair after meshing is shown in Figure 7.

The round-backed chair model consists of 19 component models connected by mortise and tenon
joints, and the component models are in contact with each other, and the contact parts are fixed by
glue. In order to accurately simulate the real deformation and stress diagrams of the chair model after
stressing when the load is applied, the contact mode between the mortise and tenon component
models is defined as bonded in the finite element software.

4.2. Finite Element Model of Ming-Style Round-Backed Armchair

4.2.1. Simulated Test Conditions for Armchair

In order to ensure both compliance with industry standards and reliable assessment of the chair's
safety and durability, a Chinese standard was adopted in this test. According to GBT 10357.3-2013
national chair mechanical strength test standards for structural strength testing of the armchair
model, the test includes six working conditions [26], each working condition corresponding to the
chair test the location of the load applied to the test, the direction and constraints as shown in Figure
8.

Working condition 1: The load on the chair surface is 1300N, the direction is vertically
downward, and the ultimate load is 1600N considering the extreme use.

Working condition 2: the forward load is 500N, the vertical downward balance load of the chair
is 800N, and the front two legs are fixed constraints.

Working condition 3: the lateral load is 500 N, the balance load of the chair surface vertically
downward is 800 N, and the two legs on the right side choose fixed constraints.

Working condition 4: The vertical downward load is 800 N. Considering the ultimate use case,
the ultimate load is 1600 N. The load of pushing the chair in the forward direction is 450 N. Fixed
restraints are added to the rear two legs of the chair.

Working condition 5: The vertical downward load at the armrest is 500N, and the balanced load
applied to the chair surface in the vertical direction is 800N.

Working condition 6: the load applied in both outward directions at the armrests is 500N, and
the balanced load applied in the vertical direction at the chair surface is 800N.
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Working condition 1: Working condition 2: Working condition 3:  Working condition 4:
Load on the seat Load on the front legs Load on the side legs Load on the seat and back
Working condition 5: Working condition 6:
Vertical load on arms Side load on arms

Figure 8. GBT 10357.3-2013 National Chair Mechanical Strength test standards for structural strength
testing of the armchair model.

4.2.2. Finite Element Software Simulation

To complete the meshing of the chair model, in accordance with the national standard of
furniture strength testing six working conditions were developed in the static test module of the
software to add loads and constraints and boundary conditions to the finite element model of the
chair, with finite element software simulation of the working conditions in Figure 9.

o 0810 gy

1. Simulation of load 2. Simulation of load 3. Simulation of load 4. Simulation of load
on the seat on the front legs on the side legs on the seat and back

6. Simulétion of side load on arms

Figure 9. Finite element software simulation projects.
5. Results

5.1. Simulation Results

The simulation results after applying loads to the finite element model of the chair show that the
mortise and tenon part of the connectors between the legs and the armrests, the cross-profile
connectors between the bottoms of the legs, and the four legs of the chair are the parts that need to
be optimized, as shown in Figure 10.


https://doi.org/10.20944/preprints202408.0933.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 August 2024 d0i:10.20944/preprints202408.0933.v1

In the finite element simulation test project of working conditions 5 and 6, the tenon part of the
connecting part of the chair legs and armrests produces large stress (50.75Mpa), which exceeds the
maximum stress that the bamboo integrals can withstand, 45Mpa, as shown on the left side of Figure
32, and it is necessary to carry out optimisation of the design in the later stage under the condition of
meeting the maximum stress that the tenon can withstand;

In the finite element simulation test project of working condition 1, the profile part is subjected
to a large amount of static load, as shown in the middle of Figure 32, the maximum stress generated
at the top of the profile is 26.83Mpa, which is much smaller than the maximum stress of 45Mpa that
the bamboo timber can withstand, so the optimized design can be carried out for the profile part by
reducing the amount of the profile part;

In the finite element simulation test of working condition 6, as shown on the right side of Figure
32, the stress of lateral load transfer is mainly concentrated in the bottom of the four chair legs, with
the size of 30Mpa, which is far smaller than the maximum stress of 45Mpa that laminated bamboo
lumber can withstand, so the chair legs can be optimized by reducing the amount of design.

£00.00 ) Q

20000 gmm) N
20000

Stress clouds in the mortise and Stress cloud of the cross Stress cloud under lateral
tenon areas of the joints profile under vertical loading loading of chair leg

Figure 10. Finite element software simulation results.

5.2. Optimal Design

According to the results of finite element software calculations were made on the chair legs and
armrests of the joints mortise and tenon parts of the design to strengthen the chair, the bottom of the
chair legs between the cross-post joints and the four legs for the design of weight reduction. The
optimization module of finite element software ANSYS Workbench is used to optimize the design of
these parts of the chair. The optimized dimensions and model of the chair are shown in Figure 11.

Optimized tenon stress diagrams
and models

Compressive strength increased
by 18.24 per

e e Mass reduction of 2.4 pr cen
628

& 7
. m., b_‘ ’
timized cross profile stress
ﬂyﬂm  model

15.01 per cent mass reduction to
meet ultimale compressive strength

Figure 11. Optimal design results.
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(1) The width of the optimized joint tenon is 7.5mm, the height is 10mm, the length is unchanged,
the optimized mass is 0.0178kg, which is 2.4% lighter than the pre-optimized mass, and the maximum
stress of the load strength test under the new dimensions is 44.97Mpa, which is an improvement of
18.24% in compressive strength.

(2) The width of the optimized profile is 18mm, the height is 68mm, and the mass of the
optimized profile is 0.337kg, which reduces the mass by 15% while maintaining the same compressive
strength.

(3) The optimized single chair leg has a width of 28mm, a height of 21mm, a weight of 0.2771kg,
and a mass of 0.2771kg, which reduces the mass of the optimized single chair leg by 6.28% under the
condition of the same compressive strength.

6. Conclusion

In this paper, the finite element software ANSYS is used to scientifically and efficiently carry out
the structural optimization design of the chair. Firstly, by collecting and measured the furniture
dimensions of the chair, the structure of the internal parts and the connection mode, and through the
experimental measurements, this research obtained the dimensions of each part of the chair to
establish the model of the chair, calculated the density, modulus of elasticity, shear modulus,
Poisson's ratio. Then imported them into the model of the chair, and finally, carried out the finite
element model of the chair by mesh division. The finite element model of the chair. According to the
GBT 10357.3-2013 national chair mechanical strength test standard in the six working conditions of
the finite element model of the chair to add loads and constraints, through the finite element software
simulation calculation of the chair model of the weak structure and the need to improve the structure,
and finally use the finite element software ANSYS Workbench for the chair finite element model of
the weak structure and the need to improve the structure of structural optimization design, the
structural optimization of the chair finite element model, and the structural optimization of the chair
finite element model, and the structural optimization of the classic round-backed chair finite element
model. Finally, the finite element software ANSYS Workbench is used to optimize the design of the
weak structure and the structure to be improved in the finite element model of the chair, to strengthen
the design of the mortise and tenon joints, and to reduce the design of the legs and the door posts, so
as to maximize the use of materials. The last part of the paper is to join the verification test for
comparison, the real conditions of the chair furniture parts specimens in the universal mechanical
testing machine under the loading test, the real loading of the displacement - load test results and
finite element software ANSYS simulation of the chair model to get the displacement - stress function
comparison, the two test data basically coincide with the data, so the use of finite element software
to simulate the loading of the chair calculated data is reliable, can use the finite element software to
simulate the loading of the chair. Therefore, the data calculated by using finite element software to
simulate the loading of the chair are reliable, and the finite element software ANSYS can be used to
guide the furniture of the chair and optimize the design of its components.
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