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Abstract: The three-dimensional corner joint is a type of joint in wooden furniture structures with
complex parameter relationships and many constraints. Traditional furniture structure design re-
quires repeated modifications of geometric models to determine parameter dimensions, which is
inefficient and challenging and severely impacts the development of the digital design and manufac-
ture process. Based on the ideal value range of mortise-tenon joints, this study derived a parametric
optimized method of three-dimensional corner joints in wooden furniture and refined the theoretical
value range of at least four main parameters: the width of the beneficial mortise (B,), the depth of the
cede mortise (C7), the margin thickness from the cede tenon to the rail; reference edge (;1), and the
margin thickness from the beneficial tenon to the rail, reference edge (bs2). With case verification,
the results show that in the axial direction of the cede tenon, the maxC; decreased by 5.4 mm and
the combination of (B, C1) reduced at least 23 kinds. In the cases of different post widths and the
margin thickness from rail,’s reference edge to the post’s reference edge (Byy2), the value range and
value quantity of by, were narrowed and decreased in various degrees. In the axial direction of the
beneficial tenon, the value range and quantity of available values of the margin thickness from the
cede tenon to the rail; reference edge (b;1) decrease with decreasing margin thickness from the raily
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reference edge to the post reference edge (By;;1) when By, is less than constant z. The parametric
optimized method of three-dimensional corner joints in wooden furniture can effectively reduce the
parameter dimensional value range, both theoretically and practically, and more refined value ranges
can be obtained by setting more standard values. This method also provides ideas for the digital and
standardized design of wooden furniture structures.

Keywords: wooden furniture; mortise-tenon joints; three-dimension corner joints; parametric
method; dimension value determination

1. Introduction

With the development of industrial technology and the improvement of digitization
and informatization levels, digital and intelligent technologies have developed rapidly
in recent years and have been widely applied in the design, manufacturing, and mar-
keting of wooden furniture, effectively improving product quality and production effi-
ciency [1-4]. Among them, the parametric design method has been widely used in the

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

entire process of wooden furniture design and manufacturing and has initially solved
the connection problem between the design and manufacturing ends through Computer-
Aided Design, Computer-Aided Process Planning and Computer-Aided Manufacturing
(CAD/CAPP/CAM). In addition, with the help of Computer-Aided Design and Computer-
Aided Engineering (CAD/CAE), structural performance testing can be conducted without
physical mechanical tests, which promotes the design efficiency and production of wooden
furniture [5-8].
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Mortise—tenon joints are often used for wooden furniture assembly. Currently, the
design and processing workflow for mortise-tenon joints in most Chinese enterprises is
roughly as follows: First, make drawings and 3D models based on parts’ dimensions.
Then, the mortise-tenon joint dimensions are designed according to each part’s width and
thickness and added to the drawing and 3D model. Finally, the dimensions are transformed
into processing code through the Computer Numerical Control (CNC) machining program,
and the code is sent to the CNC machine tool for processing [9,10]. In the case of the diverse
types, complex structures, and variable dimensions of mortise—tenon joints, relying solely
on ideal traditional design methods will result in a large amount of repetitive work. At the
same time, there are no standard dimensions for mortise—tenon joints. The unreasonable
mortise-tenon joints parameter dimensions determination method seriously affects the
digital production efficiency and quality of wooden furniture structures [11,12].

Using a parametric design method to determine joint dimensions is an effective way
to improve standardization, which should be based on good properties, high processing
efficiency, and convenient, fast design [13-15]. Kasal et al. [16] and Hu et al. [17] studied the
influence of the dimensions of round-end mortise-tenon joints on mechanical properties.
Guan [18] and Smardzewski [19] proposed a rapid calculation method for mechanical
properties based on different dimensions of mortise-tenon joints, which can be used as a
reference for production technicians and effectively improve the standardization of wooden
furniture structure design. Tang et al. [20] developed an intelligent design and processing
code for mortise—tenon joints, which can automatically generate Numerical Control (NC)
codes that meet processing requirements based on determined joint dimensions, achieving
the preliminary connection of mortise-tenon joint dimensions and NC processing programs.
In addition, many optimized methods can be applied to the standardization of furniture
structures, such as Group Technology, Parametric Design, Cluster Analysis, Experiment,
Finite Element Method, Response Surface Methodology;, etc., all of which provide some
theoretical and practical bases on the optimization for structure parameters in wooden
furniture [7,12,17,21].

Three-dimensional corner joints in wooden furniture are one of the most challeng-
ing joints in furniture structure design due to their small dimension and potential for
structure conflicts [22]. Typically, a three-dimensional corner joint consists of a post and
two perpendicular rails, which are connected by rectangular or round-end tenons. The
direction with higher properties requirements uses a beneficial tenon, while the other
rail uses a cede tenon, which sacrifices the cede tenon’s length for the beneficial tenon’s
thickness. If ideal calculation methods are used to determine the parameter dimension
values and value ranges, there might be structural conflicts. Furthermore, because wooden
furniture components vary greatly in dimensions and shapes, adjusting even one value
in the joint can result in a complete redesign of the entire structure [23]. Therefore, in this
situation, it is an effective approach to optimize the dimension parameter value range of
three-dimensional corner joints based on existing ideal methods. By inputting necessary
values, the parameter-covering value ranges can be quickly narrowed down to avoid exces-
sive options and potential conflicts [24,25]. For a better understanding, Figure 1 shows the
flowchart of this research.
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Figure 1. Flowchart.

2. Materials and Methods
2.1. Steps

This research includes three steps. First, according to the parameter value calculation
formula of mortise—tenon joints, the ideal value range of each parameter is obtained.
Second, an optimized method for the structure of three-dimensional corner joints in wooden
furniture was derived based on the correlation between different parameters. Finally, using
collected examples of the basic dimensions of three-dimensional corner joints, calculations
were performed using the ideal method for determining the basic dimensions covering
the value range and the parametric optimized method. Data analysis and comparison will
be conducted.

2.2. Three-Dimensional Corner Joints Parameter Value Optimized Method
2.2.1. Mortise-Tenon Joint Parameter Basic Ideal Value Method

According to [26], the dimensions of the mortise and tenon are determined by multi-
plying a certain coefficient by the rail or the post dimensions. After a simple transformation,
the value range obtained by the ideal calculation formula for mortise dimensions is given
in Formula (1). In this study, only the case where the tenon width and mortise height of the
three-dimensional corner joint are equal is considered, and therefore the height parameter
of the mortise is not taken into account.

0.3T; < B < 0.6T; (1a)

05 Wy +AC < C < Wy —z (1b)
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where T; is rail thickness; W, is post width; B,C are mortise width and mortise depth,
respectively; AC is the fitting parameter of mortise depth and tenon length, which is a
redundancy not only to prevent incomplete assembly between tenon and mortise but also
a technological gap for glue; z is the fixed value of the safety margin thickness for the
drilling operation. The common values of B are 5, 6, 8, 10, 12, 14, 16, 20, etc. W, can also be
replaced by T, where T, is post thickness. All parameter values are in units of mm.

In addition to the mortise parameter dimensions, the rail and the post dimensions
and the margin thickness parameter are constrained by requirements such as shape and
manufacturing, as shown in Figure 2. Therefore, their basic value ranges can ideally be
described as in Formula (2).

T; < Ty (2a)
z<B,<T,—B-—2z (2b)

0<b;<T;—B (20)
0< By <Tp—T; (2d)

where T; is rail thickness; T, is post thickness; B is mortise width; z is the fixed value of
the safety drilling margin thickness from mortise to post edge; B, is the margin thickness
from mortise to post reference edge; b; is margin thickness from mortise—tenon to rail
reference edge; By, is margin thickness from the rail reference edge to the post reference
edge. The actual values of By, By, by are correlated, and the equation can be described as
By, = bt + Biy,,. The common values of B are 5, 6, 8, 10, 12, 14, 16, 20, and so on. Ty, can
also be replaced by W,,,, where Wy, is post width. b, B, and By, are collectively referred
to as the margin thickness parameter. All parameter values are in units of mm.
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Figure 2. Mortise—tenon joints basic parameters.
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Based on Formulas (1) and (2), the parameter values of the three-dimensional corner
joint can be further generalized, and the parametric optimized method can be further
improved based on its characteristics. Because the constraints of the three-dimensional
corner joint are different in the axial direction of the beneficial tenon and the cede tenon, the
parameter values for these two directions are optimized, as shown in Figure 3. Generally,
the axial direction of the beneficial tenon corresponding to the post reference edge is Wy,
while the axial direction of the cede tenon corresponding to the post reference edge is T;.

Cede Tenon Beneficial Tenon
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Rail2 Ref. Edge
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Figure 3. Parameters and possible variations in dimension and relative position of three-dimensional
corner joints. The green part refers to the situation where the rail reference edge is flush with the post
reference edge, while the red part refers to the situation where two rails or tenons move inward.

2.2.2. Parametric Optimized Method in the Axial Direction of the Beneficial Tenon

In the axial direction of the beneficial tenon, the depth of the beneficial mortise (Cz),
and the width of the cede mortise (B;) are the same in Formula (1). The margin thickness
from the cede mortise to the post reference edge (B,,1), and the margin thickness from the
rail; reference edge to the post reference edge (B;;,1) are the same as in Formula (2). As
shown in Figure 4, based on the different thicknesses of the rail; (T;;) and the post (Ty),
the margin thickness from the cede mortise or tenon to the rail; reference edge (b;) can be
further optimized for the range of values.

If Tq < Ty — z, byy’s value range equals Formula (2c).

If Ty —z < Ty < Ty, byr’s value range can be expressed as

2z — By < by < Ty — By —2— B (3a)
If Ty = Ty, byy’s value range can be expressed as
z2<by <Ty—B1—z (3b)

where T} is rail; thickness; T}, is post thickness; by is margin thickness from cede mortise—
tenon to rail; reference edge; B; is cede mortise width; z is the fixed value of the safety
drilling margin thickness from mortise to the post edge. All parameter values are in units
of mm. In Formula (3b), T}, can also be replaced by T;.
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2.2.3. Parametric Optimized Method in the Axial Direction of Cede Tenon

In the axial direction of the cede tenon, various dimensional parameters are interde-
pendent, and the depth of the cede mortise (C;) and the width of the beneficial mortise (B;)
are essential to meet the structural requirements. However, the values of C; and By can
sometimes be interdependent, and, therefore, the value ranges of C; and B; are described
separately based on the following situations. C;’s value range can be described as

0.5Wy +AC < C; < Wy, — By — 2 (4a)

If 0.5W,, —z — AC > 0.6T},, By’s value range can be described as in Formula (1a).
Further moreover, if 0.5W,,, — z — AC < 0.6T}y, it can be described as

0.3Typ, < B, <0.5W;;, —AC —z (4b)
The value of margin thickness parameters must be based on the reasonable values
of By and Cj, as shown in Figure 5. The value range of the margin thickness from the

beneficial mortise to the post reference edge (B,;2) can be described as

2 < Byp < Wy —C1 — By (5a)

a

of Beneficial Tenon .
Rail:

1.
| Axial Direction
[
[
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1 T K N: A
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- (8]
=5 | T =
— o G
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Rail1 Ref. Edge ™ Post Ref. Edge

Figure 4. Possible change in margin thickness parameter in the axial direction of the beneficial tenon,
where the green part is the general situation, and the red part is the possible change of T;; and
margin parameters.
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Figure 5. Possible value change of margin thickness parameter in cede tenon axis, where the green
part is the general situation, and the red part is the possible change of T}, and margin parameters.

The maximum value of the margin thickness from the rail,’s reference edge to the
post’s reference edge (maxBy,2) can be further described according to the value range
limitation of By». Byyo’s value range can be described as

0 < Bimo < Wy, —C1— By (5b)

For the margin thickness parameter from the beneficial tenon to rail, reference edge
(brp), the value range can be further refined based on different parameters such as Ty, Wy,
Cl, B2, and Btm2-

If Tip < Wy, — Cpand 0 < Byyp < Wiy — C1 — Tho, bip’s value range equals Formula (2c).

If Typ < Wy — Crand Wy, — Cp — Tp < Bpp < Wy, — Cp — By, b’s value range can
be written as

0<bpp <Wy—Ci— By~ B2 (6a)

If Wy, — C1 < Typ and Byyp = 0, byp’s value range can be written as
z<bp <Wy—C—B (6b)
If Wy, — C1 < Tp and 0 < By < z, byp’s value range can be written as

Z— Byup < bpp < Wy, —C; — By — By (6¢)
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If Wy, — C1 < Tp and z < By < Wy, — C1 — By, byp’s value range can be written as
0<bp <Wp—C—By—Bum (6d)

where Ty is raily thickness; Wy, is post width; B; is beneficial mortise width; C; is cede
mortise depth; AC is the fitting parameter of mortise depth and tenon length, which is a
redundancy not only to prevent incomplete assembly between tenon and mortise but also
a technological gap for glue; z is the fixed value of the safety drilling margin thickness
from mortise to the post edge; by, is margin thickness from beneficial mortise—tenon to rail,
reference edge; B, is margin thickness from beneficial mortise to the post reference edge;
By is margin thickness from rail, reference edge to post reference edge. All parameter
values are in units of mm.

2.3. Cases’ Basic Dimension Acquisition and Analysis Methods

The study selected 8 wooden chairs and measured the basic dimensions of their three-
dimensional corner joints using a vernier caliper whose accuracy is 0.01 mm and rounding
to a value without a comma, as shown in Table 1. The range of values for the mortise
width and depth was determined using the ideal method and the optimized method. The
maximum and minimum values were analyzed and, after rounding up, the kinds of (B,, C1)
combinations before and after using the optimized method were compared. The margin
parameters mainly concerned the calculation and analysis of the b;, which has the most
possible variations. Therefore, according to the different possible situations of By, the
study selected the minimum post width of case 1 and the maximum post width of case 8 in
the axial direction of the cede tenon and the minimum post thickness of case 6 and case 1
with thickness greater than constant z in the beneficial tenon axis. Because no situations
that meet (3b) were collected in the cases, a hypothetical case was set up (T;;, = T; = 18mm)
in the axial direction of the beneficial tenon. The b; values for the above combinations were
calculated and analyzed for at least three combinations of (minB, minC), (minB, maxC), and
(maxB, minC).

Table 1. Cases’ basic dimensions of three-dimensional corner joints.

Rail (mm) Post (mm) Rail (mm) Post (mm)
Case Case

Tt Wm Tm Tt Wm Tm
1 28 28 5 42 35
2 30 30 6 50 22

18 18
3 35 28 7 54 27
4 36 36 8 58 28

3. Results

3.1. Cases” Parameter Value in the Axial Direction of Cede Tenon

In the axial direction of the cede tenon, the limit values of the beneficial mortise width
(By) and the cede mortise depth (C;) parameters are first analyzed. As shown in Table 2,
after using Formulas (4) and (5) for calculation, the maxC; for all cases decreased by 5.4 mm.
The minB; and the minC; are consistent with the values calculated by Formula (1), and most
of the maxB, values also match the results calculated by Formula (1). However, when the
post width is smaller, the maxB,’s value often decreases. When the post width is 28 mm and
30 mm, maxB, decreased by 2 mm and 1 mm, respectively. According to Formula (4), C; is
particularly affected by the dimension of the post width, where the beneficial mortise width
needs to occupy a certain dimension of the post width. Therefore, when the post width is
small, both the minimum cede mortise depth (minC;) and the maximum cede mortise depth
(maxCy) are restricted by the post width (W),) and beneficial mortise width (By).
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Table 2. Comparison of B, and Cj limit values before optimization (ideally) and after optimization (optimized).

Case

Rail (mm)

Post (mm) Mortise (Ideally) (mm)

Mortise (Optimized) (mm)

Tt

Wi minB, maxB, minCq maxCq minB, maxB, minCq maxCq

I ||| WD

18

28 15 23 8 15 17.6

30 16 25 9 16 19.6

35 18.5 30 18.5 24.6

36 19 31 19 25.6

54 10.8 54
42 22 37 22 31.6

10.8

50 26 45 26 39.6
54 28 49 28 43.6

58 30 53 30 47.6

Cede Mortise Depth C; (mm)

60

50

40

30

20

10

According to [18,26], z = 5 and AC = 1 were substituted to respective formulas for calculation. The value of z and
AC can be set according to different wood species, drilling machines, etc.

Next, an analysis was conducted on the value range of the cede mortise depth (C;)
and beneficial mortise width (By) before and after optimization. As shown in Figure 6,
the value range of C; for all cases has been reduced. Especially for the parts with smaller
post widths, which are 28 mm and 30 mm, respectively, the optimized method can narrow
the value range of C; to a narrower level. It is reduced from 15~23 mm and 16~25 mm to
15~17.6 mm and 16~19.6 mm, respectively. As for the value range of By, only W, values
of 28 mm and 30 mm have been reduced, while others remain unchanged. Therefore, the
parametric optimized method can obtain a more reasonable value range, especially when
the post width is small.

i

Beneficial Mortise Width B, (mm)
oo
T

[ Ideally [ Ideally
B Optimized Il Optimized
4
Case 1 4 5 6 7 8 Case 1 2 3 4 5 6 7 8
(a) (b)

Figure 6. Comparison of B, and C; value ranges before optimization (ideally) and after optimization
(optimized). (a) Comparison of C; value range; (b) comparison of B, value range.

Based on optimizing the value range of the cede mortise depth (C;) and the beneficial
mortise width (By), (Ba, C1) possible cmbinations of the cede tenon axis were further derived,
as shown in Table 3. When B, is small, the C; can be larger, and vice versa. When C; is
known, a more refined range of the other dimension can be quickly obtained, and vice
versa. After obtaining the possible (B, C1) combinations, the quantity of (B, C;) before and
after optimization was compared, as shown in Figure 7. Compared with the ideal (B, C1)
combinations, the quantity of optimized combinations for case 1 was reduced by 23, and
the quantity of combinations for the other 7 cases was reduced by 24. When the post width
(Wi = 28 mm) dimension is at the minimum value of 28 mm, the quantity of combinations
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is only four. This is because, when the W, is smaller, C; is limited by the other parameter
dimensions in that axis to avoid structure conflict. Thus, regardless of the dimensions of
the joints, the parametric optimized method of the cede tenon axis can stably reduce the
quantity of (B, C1) combinations, especially for three-dimensional corner joints with small
post width dimensions, which can reduce the (B, C;) combination quantity to a low level
and facilitate selection of the appropriate values.

Table 3. (B,, C1) possible values.

Case Rail (mm) Post (mm) (By, C1) Possible Values (Optimized) (mm)
Tt Wi B, =6 B, =8 B, =10
1 28 Cy = 15~17 C =15 -
2 30 C1=16~19 Ci =16~17 -
3 35 C1=19~24 Ci1=19~22 C1 =19~20
4 36 C;=19~25  C;=19~23  C;=19~21
5 18 42 C1=22~31  (y=22~29  Cp=22~27
6 50 C1 =26~39 C1 =26~37 C1 =26~35
7 54 C;=28~43  Cy =28~41 Cy = 28~39
8 58 C1 =30~47 C1 =30~45 C; =30~43
80 1 72
70 A 66
2 60
§ 60 -
48 48
< 50 - 42
9 39 -
% 27 30
E 30 24/
8
< 201 12 15/
O
o -'""'--
@104 4 6/
—
0 T T T T T T T 1
Case1 2 3 4 5 6 7 8

=0=0ptimized Ideally
Figure 7. Comparison of (B, C1) combination quantity before (ideally) and after optimization (optimized).

According to the possible different values of margin thickness from the rail, reference
edge to the post reference edge (By2), the values of margin thickness from the beneficial
mortise-tenon to the rail, reference edge (byy) were analyzed by selecting cases of the
smallest (minW,, = 28 mm) and largest (maxW,, = 58 mm) post width for the cede tenon
axis, as shown in Table 4. If the before-optimization Formula (2c) is used for calculation, the
maximum value range of by should be 0~12 mm, and the quantity of available values is 13.
After using the optimized Formula (6), considering all possible values of By, the range of
available values for by, in case 1 is 0-7 mm, and when considering the value of By, the
range of available values for by, is further narrowed, and the quantity of available values is
reduced to at most three and at least one. This is because the minimum cede mortise depth
(minC;) and the minimum beneficial mortise width (minB;) already occupy most of the
post width values; the possible value range of By, is narrowed, thus further narrowing the
range of by, values. The available value range of b, for case 8 is 0-12 mm, consistent with
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the ideal method, but when considering the value of B2, the range of available values is
further narrowed, with the quantity of available values ranging from 1 to 13. In summary,
based on the data in Table 4 and Formulas (4)—(6), it can be seen that the width of the post
and the thickness of the rail, will affect the values of the cede tenon axis mortise parameter
combinations (By, C1), which will further affect the values of B2 and the range of available
values and quantity of by’s available values.

Table 4. The optimized values of By, and limit value of by,.

Btia minby, maxbyy by Val.
Case Ti, (mm) W, (mm) C1 (mm) B, (mm) (mm) (mm) (mm) Qua. Formula

0 5 7 3 (6b)
6 5 0 2 3 (6¢)
15 7 0 0 1 (6d)
1 28 . 0 5 5 1 (6b)
5 0 0 1 (6c)
0 5 5 1 (6b)

17 6
5 0 0 1 (60)

18
. 0 0 12 13 (2¢)
22 0 0 1 (6a)
30

0 0 8 9 (20)

10
18 0 0 1 (6a)
5 11 7 (6b)
6 5 0 6 7 (60)
8 58 11 0 0 1 (6d)

41

0 5 7 3 (6b)
10 5 0 2 3 (6¢)
7 0 0 1 (6d)
0 5 5 1 (6b)

47 6
5 0 0 1 (60)

The margin thickness parameter is defined as a non-negative integer.

3.2. Cases” Parameter Values in the Axial Direction of Beneficial Tenon

In the axial direction of the beneficial tenon, the limit values of the cede tenon width
(B1) and beneficial tenon depth (C;) remain consistent with those of Formula (1) before
optimization, as shown in Table 5.

Using the same analytical method as for b;, Formulas (2¢c) and (3) were used to
calculate the value range and the quantity of values for margin thickness from beneficial
mortise-tenon to the rail; reference edge (by1). Case 6 with the minimum post thickness,
case 1 with a thickness greater than z, and a hypothetical case were chosen. Because no
cases were found satisfying Formula (3b), a hypothetical case was also included (with
Ty = Tt = 18 mm). As shown in Table 6, case 1’s by had an ideal value coverage range
of 0-12 mm, with a minimum value quantity of 9 and a maximum value quantity of 13.
For case 6, the range of values for b;; was reduced from 0-12 mm to 1-11 mm using the
optimized method, with a minimum value quantity of 3 and a maximum value quantity of 7.
This indicates that when the thickness of the rail; (T;) is not significantly different from
that of the post thickness (T};), the value range for b;; is more accurate than that before
optimization with Formula (2c), and the actual value range can be further narrowed based
on the actual value of By,1. The range of values for b;; was further reduced to 5-7 mm for
the hypothetical case, with a minimum quantity of one value and a maximum quantity of
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three values, indicating that when T; equals T}, the quantity of possible values for By,
decreases, and the range of values for b;; subsequently decreases to a minimum level. In
summary, the optimized method can further reduce the range of values for By,,1, by1, and
the quantity of possible values for b;; when the difference between the post thickness and
the raily thickness is less than constant z, compared to the method before optimization.

Table 5. The limit values of By, Cy, and quantity of (B;, C;) combinations.

Rail; (mm) Post (mm) Mortise (mm)
Case (B1, C3) Qua.
Tt Ty minBq maxBq minCy maxCp
1 28 15 23 27
2 30 16 25 30
3 28 15 23 27
4 36 19 31 39
18 5.4 10.8
5 35 18.5 30 36
6 22 12 17 18
7 27 14.5 22 24
8 28 15 23 27
According to [18,26], z = 5 and AC = 1 were substituted to respective formulas for calculation. The value of z and
AC can be set according to different wood species, drilling machines, etc. Because there is no correlation between
B; and C; in the beneficial tenon axis, the (B, C2) combinations in this direction are the product of the quantity
of By and C; integral values.
Table 6. The optimized limit values of by;.
minb¢q maxby by Val.
Case Tt (mm) T, (mm) By (mm) Bti,1 (mm) (mm) (mm) Quan. Formula
6 0 0 12 13
10 0 12 13
1 28 (20)
0 0 8 9
10
10 0 8 9
0 5 11 7
6
1 4 1 7 7
6 8 22 (3a)
0 5 7 3
10
4 1 3 3
6 0 5 7 3
(3b)
Hypo. 18 8 0 5 5 1
10* 0 - - - -

* In the case of Hypothesis, when B; = 10 mm, z = 5 mm, by s value cannot be satisfied with Formula (3b).

4. Discussion
4.1. Effect of Three-Dimensional Corner Joint in Parameter Values

For three-dimensional corner joints of small dimensions, in the axial direction of the
cede tenon, the minimum cede mortise depth and the minimum beneficial mortise width
already occupy a large part of the width dimension of the post. Therefore, the range of
values for the mortise—tenon margin parameter dimension is generally small, and the
optimized method can limit the range of values for each margin parameter within a smaller
range. In the axial direction of the beneficial tenon, the margin of the cede tenon can
also be restricted to a more reasonable range. For three-dimensional corner joints of large
dimensions, the range of values for each parameter in the cede tenon axis is generally wide.
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However, the optimized range of values can still filter out impossible value intervals [27,28].
In the axial direction of the beneficial tenon, the optimized range of values is the same as
the range calculated by the ideal method. Overall, the optimized method of the parameter
range for three-dimensional corner joints has a good effect on the value range of parameters
for small dimensions of three-dimensional corner joints.

4.2. Further Optimization for Parameter Values

Although the calculated parameter value ranges can be narrowed down in practical
design and production, wide value ranges of the parameters can still cause problems for
design and production. This is particularly true for the parameter in the beneficial tenon
axis, where the parameter value ranges are mostly determined using the basic ideal method
Formulas (1) and (2). Therefore, taking both processing and mechanical performance
requirements into account, the value ranges of By, By,1, and By in the beneficial tenon
axis can be set to the same values and combinations as in the cede tenon axial direction, to
further narrow the dimensional parameter range and improve standardization [29-32]. As
for mortise depth (C7), current research indicates that the tenon length (tenon length plus
fit parameters value AC equals mortise depth) has a significant impact on the mechanical
performance. Therefore, the value range of C; can vary within a certain limit, and if a
standard value is to be set, the overall structural safety requirements of the furniture should
be taken into account [16,17,28,33]. In addition, for the optimization of all parameters, the
following can be considered: (1) wood species (such as density and water content, etc.) and
grain orientations for more accurate values; (2) wood parts’ fundamental deviations and
tolerance zones for woodworking and wood processing: by adding or subtracting from
basic values, woodworking machines can be connected with joints for each parameter more
accurately and quickly.

In the cases studied in this paper, the thicknesses of both rail; and rail, are the same,
so their values for the mortise width are almost identical. In practical situations, even if
the thicknesses of rail; and rail, differ slightly, if the constraints are met, the optimized
method for the three-dimensional corner joint parameters can still be used. Subsequently,
by analyzing the similarity of the attribute parameter in two axes, values can be compre-
hensively optimized based on mechanical performance requirements, shape requirements,
and manufacturing requirements [34—40]. It should be noted that, for convenience in calcu-
lation and analysis, this study mainly describes the dimensions of the mortise, while the
dimensions of the tenon can be calculated based on the dimensions of the mortise and the
interference fit parameters (AB, AC).

5. Conclusions

This research adopts a parametric approach to develop an optimized method for the
three-dimensional corner joints of wooden furniture, based on the ideal value range of
mortise—tenon joints. Case studies were used to verify and analyze the optimized method.
The method can quickly and effectively obtain reasonable value intervals for parameters
while avoiding structure conflicts in both theoretical and practical applications [41-43]. The
specific research results of this paper are as follows.

(1) Based on the ideal value range of the mortise-tenon joint parameters, this study
further derived parameter value optimized methods for the beneficial tenon axis and
the cede tenon axis, which theoretically narrowed the coverage range of at least four
main parameters: By, Cq, by, and byo.

(2) The analysis of the cases’ data shows that in the axial direction of the cede tenon, the
maximum depth of all cede mortises decreased by 5.4 mm, and the (B,, C1) combina-
tion kinds decreased by at least 23. When the post width is 28 mm and 30 mm, the
width of the beneficial mortise is reduced by 2 mm and 1 mm, respectively, compared
with the ideal value, and the (B;, C1) combination kinds are reduced to four and six,
respectively. When the post width is smaller, the coverage range of by, is reduced
from 0-12 mm with the ideal method to 0-5 mm with the optimized method, and
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depending on the different values of By, the quantity of values can be reduced to a
minimum of one and a maximum of three. When the post width is larger, the quantity
of values that by, can take is reduced to a minimum of one. In the axial direction of
the beneficial tenon, when By, is less than constant z, the parameter value range
and quantity of values of b;; decrease as By, decreases. Thus, the optimized method
can significantly reduce the range of values in the cede tenon axis. The range of
values in the beneficial tenon axis can also be reduced to a certain extent along with
corresponding values, and the more dimension parameter setting values or standard
values, the more the coverage range of dimension parameters will converge, and the
fewer values will be required.

The parametric optimized method for wooden furniture three-dimensional corner
joints can be applied to all wooden furniture with three-dimensional corner joints using
rectangular or round-end mortise-tenon joints [44,45]. This method provides ideas for
improving the digital and standardization level of wooden furniture structures. The
application of this method should also consider wood species, grain orientations, wood
parts” fundamental deviations and tolerance zones for woodworking and wood processing,
etc., and carry on a simple calculation of each parameter, so as to more accurately and
quickly connect all parameters to CNC woodworking machines. In further research,
it is possible to study the comprehensive effects of single and multiple parameters on
mechanical performance and processing efficiency and find the optimal standard values to
improve the standardization of the furniture structure.
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