PEER-REVIEWED ARTICLE

bioresources.com

Comparative Study on the Tensile Performance of Box
Frames Constructed by Keyed Joints and Dovetail
Joints
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The box frame is a common structure in modern furniture, especially for
cabinets. Accordingly, the joint contact force of the frame is important in
evaluating the stability of classified furniture. In this study, a new type of
keyed joint was proposed to alter the dovetail joint used in box frame
structures. The tensile strength of the dovetail joint and the keyed joint in
the frame were evaluated, and the contact forces and failure modes of
these two joints were compared. Three levels (T1, T2, and T3) were
proposed for the ratio of groove depth (D) to inclined contact surface
height (H), under the condition of the same joint spacing and inclination
angle considering the effects of keyed joint size on the contact force.
Meanwhile, experimental analysis was performed on both sides (S1 and
S2) of the dovetail joint. Results showed that the contact force of the joint
under the gluing condition decreased in the order of S2 > T2 > T3 > S1 >
T1. In terms of failure modes, the keyed joint could be maintained in good
condition, whereas failure of the dovetail joint always occurred at the root
of the tenon in the S1 direction.
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INTRODUCTION
Dovetail joints and keyed joints are the primary contact joints of the frame, which
have higher contact force and anti-deformation capacity than other mortise-and-tenon
joints (Li and Yang 2010; Wu 2012; Wang et al. 2015). The dovetail joint is a right-angle
connection of flat wood, and the ladder-shaped tenon can join its corners to avoid being
detached under stress (Xue 2013). The dovetail joint originated in architecture and was
later extensively used in furniture design, becoming the most important means of joining
in the manufacture of cabinets (Wang and Wu 2016). Research on the application of the
dovetail joint in the field of wood construction has focused primarily on structural stiffness,
failure mechanism, friction texture, etc. (Tannert et al. 2010; Pan et al. 2020), which serve
as important reference values in the study of furniture structure.
Most previous studies on furniture structure have used the T-shaped and L-shaped
joints as samples focusing on joint strength and failure mode (Li 2006; Derikvand and
Ebrahimi 2014; Hu and Liu 2020). It has been determined through finite-element analysis
that when the angle and matching amount are constant, the tension resistance of the dovetail
joint increases with the tenon thickness factor (Nicholls and Crisan 2002; Yang 2017), and
the tenon root is prone to yield failure under pressure (Zhang et al. 2019). In the frame,
although the strength of the adhesive layer could enhance the contact force of the node to
Wang et al. (2020). “Tensile performance of frames,” BioResources 15(4), 9291-9302.

9291

PEER-REVIEWED ARTICLE

bioresources.com

a certain extent when the dovetail joint is resisting external forces, the tensile strength
depends primarily on the friction and pressure generated by the mortise-and-tenon joint
(Altinok et al. 2009; Hu and Liu 2020; Hu et al. 2020).
The keyed joint is a common connection in modern woodworking that has the
advantages of simple machining, convenient installation, and low cost. Common joints
include round tenon and piece tenon, which are used primarily in right-angle joints and
plane extensions and play a reinforcing and positioning role in furniture (Jensen et al. 2001;
Chen et al. 2018; Chen and Lyu 2018; Hu et al. 2019). Research shows that the strength of
the keyed joint depends on the penetration depth of the tenon, type of seam and adhesive,
material (Maleki et al. 2012; Dalvand et al. 2014), etc. Most of the experimental methods
adopt diagonal compression and diagonal stretching (Altinok et al. 2009) without
considering the overall stress state of the frame in practical applications. Similar to the
straight tenon joint, the contact force of the keyed joint depends on the friction caused by
the interference fit and adhesive force of the adhesive layer (Hu et al. 2018), but it cannot
be compared with the dovetail joint in terms of tensile resistance. However, considering
the convenience and cheapness, if the keyed joint could be made to produce additional
pressure, then the joint contact force could be further improved.
In the present work, a new type of keyed joint was proposed, aiming to alter the
dovetail joint used in box frame. The keyed joint has a tapered shape with a lower width
and upper width, which could be fitted closely with the groove of the same shape. This
connection method could make the stress of each node of the frame achieve balance, and
the anti-load capacity of each face is the same. This joint is different from other keyed
joints. In addition to friction at the joint, this kind of connection could produce a certain
degree of contact force, known as extrusion pressure, and obviously exceed the friction
force (Hu et al. 2019). However, no corresponding research has been conducted on this
kind of connection, particularly a comparison with a dovetail joint. Thus, an experimental
demonstration is necessary.
The innovation of this study lies in the following aspects. First, through
experimental research, the effects of keyed joints on the tensile properties of frames under
three different levels are determined. Second, the contact forces and failure modes of the
two types of joints in the frame are compared, and the feasibility of the new type of keyed
joint application is evaluated.
EXPERIMENTAL
The research conducted in this study was divided in two parts. Part one presents the
properties of the experimental materials. Part two consists of the preparation method of the
specimens and the details of the experimental test.
Materials and Test Method
Figure 1 shows the materials of the specimens, which included MF-modified poplar
wood (modified poplar wood impregnated with melamine-formaldehyde resin) and
polyvinyl acetate adhesive (PVAC) emulsion (DINGLI, Taizhou, China). The detailed
properties of the wood are shown in Table 1 (Yuan 2017). The selected wood was a chordsawn timber without scarring and defects, and the width was not less than 200 mm and the
thickness was not less than 40 mm. The pH value of PVAc emulsion was 6.7, the solid
content was 48.6%, and the viscosity was 0.64 Pa·s. The amount of adhesive on the contact
surfaces was approximately 150 to 200 g/m2.
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Fig. 1. Materials: (a) MF-modified poplar wood; (b) PVAC emulsion

Impregnating treatment is a common method used to modify wood materials (Yuan
2017; Hu and Zhang 2020). The process of impregnation and modification of poplar is as
follows: The resin was diluted with water to a 25% mass concentration solution for future
use. The test material was placed in an airtight treatment tank that was first evacuated to
0.095 MPa and held for 45 min, followed by loading MF resin, elevating the tank air
pressure to 0.8 MPa for 2 hours, and then releasing the pressure to end the impregnation
process. The modified material was air-dried to a moisture content of less than 30%, then
it was placed in an oven to dry, and finally a modified treated material with a moisture
content of approximately 10% was obtained.
Table 1. Material Properties (Yuan 2017)
Property
Air-dry density
Moisture content
Dry shrinkage rate
Parallel-to-grain compressive strength
Perpendicular-to-grain compression strength
Elasticity modulus
Tensile strength parallel-to-grain
Shear strength
Bending strength
Hardness

Value
0.63 g/cm3
10%
8.07%
10.02 MPa
8.82 MPa
6285.57 GPa
86.33 MPa
18.61 MPa
64.85 MPa
2327.69 N

All specimens were processed by computer numerical control (CNC) machine tools
with a precision of 0.01 mm (ULI-WPC, YuLi, Shanghai China). The specimens were
square with a size of 250 mm × 250 mm × 100 mm; the thickness of the plate was 14 mm,
and the interference of the joint was 0.1 mm. Figure 2 shows that the keyed joint specimen
was cut from the bottom edge of the four plates with symmetrical edges at 45°, and then
three grooves were equidistantly machined with a dovetail milling cutter (bevel angle 76°)
(Nanjing Institute of Technology, Nanjing, China). Then, the three grooves were
compacted to make a sealed frame around the grooves after inserting the key into the
dovetail groove. Finally, the contact surface was sanded with sandpaper until the contact
surface flattened with the outer surface.
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Fig. 2. Frame connected by keyed joint: (a) joint; (b) groove

Fig. 3. Five different specifications of joints: (a)T1; (b) T2; (c) T3; (d) S1; (e) S2

Figure 3 shows five different sizes of joints in which a, b, and c are keyed joints,
and the horizontal measurement algorithm of their sizes is as follows,
T = (D / H) × 100%

(1)

where D is the depth of the groove (mm), H is the height of the contact surface (mm ), and
T is the ratio of D to H. Figure 4a shows the provisions for the three horizontal test pieces
as follows: Fig. 3a is horizontal T1, that is, T1 = D1 / H × 100%; Fig. 3b is horizontal T2,
that is, T2 = D2 / H × 100%; Fig. 3c is horizontal T3, that is, T3 = D3 / H × 100%, where Fig.
3d and Fig. 3e are dovetail joints, which are generated according to the different directions
in which the tensions are on the dovetailing joint frame. Figure 3d is horizontal S1, Fig. 3e
is horizontal S2, and the mortise-and-tenon joint size is shown in Fig. 4b.
Figure 4 shows the related dimensional drawing of dovetail and keyed joints. In
this study, a penetrating dovetail structure was adopted. The manufacturing method used
in industrial production is mature and thus is no longer described in detail here. Before the
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test, all specimens were stored in a constant temperature and humid environment with
moisture content of approximately 10%.
a

b

Fig. 4. Dimensions of grooves (mm): (a) keyed joint; (b) dovetail joint

Testing Methods
The primary equipment used in the experiment was a 20 KN universal testing
machine (AGS-X; SHIMADZU Corp., Kyoto, Japan) and a constant temperature and
humidity box (DHG-905385-III; New Miao, Shanghai, China) (Fig. 5). The fixture used
the steel mold designed by the authors. The detailed dimensions of the mold are shown in
Fig. 6. This experimental method was considered on the basis of GB 10357.4-1989: “Test
of mechanical properties of furniture—stability of storage units.” This experiment tested
only the mechanical properties of the frame under a concentrated load; thus, the stress of
the frame was primarily concentrated on the upper-end surface. The experimental loading
method is shown in Fig. 7. The static load force was located in the middle of the upper
plate of the specimen, 125 mm away from the end of the joint. The loading force was
vertically and uniformly loaded with a speed of 10 mm/s, and the displacement was 6 mm.
Specimens of each type were measured five times.

a

b

Fig. 5. Universal mechanics testing machine (a) and constant temperature humidity chamber (b)
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Fig. 6. Dimensions of mould used in this study (mm)

a

b

Fig. 7. Setup of measuring tensile strength of frame (a) loading method, (b) loading position (mm)

RESULTS AND DISCUSSION
Tensile Loading-Displacement Curve and Load Extremum Analysis
The typical load-displacement curve of the tensile behavior is shown in Fig. 8. The
whole stretching process included two stages: yield fracture of the adhesive layer and yield
deformation of the joint. For the whole loading process, elastic deformation (OA) is mainly
manifested as the process of yield fracture of the adhesive layer. When the adhesive layer
started to break, the joint contact force was derived from the static friction force generated
by the mutual extrusion between the mortise and the tenon (Hu et al. 2019). When the
external force was greater than the contact force at each joint, the joints started to slide,
and the adhesive force disappeared, causing the contact force of the joints to change from
static friction force to dynamic friction force. This process included elastic deformation
and plastic deformation (AB).

Fig. 8. Typical load-displacement curve
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The tensile behavior of the specimens at different levels is shown in Fig. 9. For T1,
part of the specimens failed to complete the whole stretching process because of the joint
failure caused by the slipping of the keys, and the frame was unstable. For T2 and T3, all
specimens had completed the whole stretching process with slight slipping in certain joints
at the later stage of loading. For S1, part of the specimens suffered joint failure because of
the sudden fracture of the adhesive layer, and the stretching process was slightly stable.
For S2, all specimens had completed the whole stretching process without evident joint
slipping, and the stretching process was quite stable.
Table 2 shows the extreme tensile load values of the specimens at different levels.
The average load of T2 was 2.631 kN, which was 66% higher than T1 and 18.4% higher
than T3. Moreover, a noticeable difference in the average load between the two right-angled
sides of the specimen connected by dovetail joints could be observed, and S2 was 46.3%
higher than S1. The joint contact force of S2 included the squeezing force and the adhesive
force between the mortise and the tenon, whereas the contact force of S1 primarily
comprised the adhesive force. It can be seen from Table 3 that the significance difference
was F=15.35 and the corresponding test level was p=0.0005. According to the value range
of test level p, i.e., p < 0.001, the value of T has a very significant impact on the tensile
load value of the specimen.

Fig. 9. The tensile behaviors of keyed joints and dovetail joints
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Table 2. Extreme Values of Tensile Load of Specimens at Different Levels
Level
T1
T2
T3
S1
S2

1.338
2.509
2.307
2.018
3.012

1.284
2.566
2.493
2.024
3.028

Value (KN)
2.179
2.928
2.211
1.962
2.825

1.877
2.831
2.058
2.219
2.905

1.247
2.323
2.041
1.888
3.027

Average
1.585
2.631
2.222
2.022
2.959

SD
0.420
0.246
0.187
0.123
0.091

CV
26.50%
9.30%
8.40%
6.10%
3.10%

Table 3. Analysis of Variance for Maximum Tensile Load at T Level
Source
Between Groups
Within Groups
Total

Sum of Squares
2.781
1.087
3.867

df
2
12
14

Mean Square
1.390
0.091
0.276

F value

P value

15.35

0.0005

Comparison of Keyed Joints and Dovetail Joints
The tensile strength of the specimen was determined by the contact force of each
joint, i.e., a greater contact force of the joint means greater capacity of the structure to resist
deformation. Under the same experimental conditions, the greater the anti-deformation
capacity of the structure, the greater the contact force of the joints. Therefore, by comparing
the loads of each group of specimens at the same distance of 6 mm, the joint contact force
could be determined at different levels.
Joint contact force analysis
Figure 9 also shows the loading-displacement behavior curves of the five groups of
specimens. Any position during the stretching process could lead to the tensile resistance
of the specimens in order. Therefore, the contact forces at different levels decreased in the
order S2 > T2 > T3 > S1 > T1. A comparison showed that the joint contact force of S2 was
remarkably higher than that of all the joints at the T level, whereas S1 had no evident
advantage.
Figure 10 shows the possible influence trend of T on the tensile strength, which
could be inferred by comparing the average tensile load of the specimens at different levels.
Therefore, the contact force of the keyed joint was nonlinear with the T, and a peak would
appear near T2.
As the T value increases, the average tensile load of the keyed joint shows a trend
of first increasing and then decreasing. In the study of Wang et al. 2020), under the state
of stretching 5 mm, the size of the keyed joints without glue has a significant effect on the
tensile performance of the box frame. The tensile load also increases with the T value (50%,
75% and 100%) increased first and then decreased, and the tensile load reached its
maximum value at T=75% (Wang et al. 2020). This is similar to the results of the current
study on glued keyed joints. It can be seen that the application of adhesive had no
significant effect on the stretching trend of keyed joints.
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Fig. 10. Possible influence trend of T

Failure mode analysis
Figure 11 shows the typical failure modes of the five groups of specimens. The
tenons did not break noticeably at all levels of T. However, the adhesive surface of T1 broke
quickly during the stretching process because of the small adhesive area and short tenon
length. Moreover, T1 was easier to break off than T2 and T3 under the same deformation.
Although T2 and T3 had deviated slightly from the contact surface at the joint, they could
still maintain a good contact state because the internal force of the material could overcome
the friction at the joint after the load disappeared, which played a role in the recovery to a
certain extent.

Fig. 11. Failure modes: (a) separated T1; (b) unseparated T1; (c) T2; (d) T3; (e) S1; (f) S2

As shown in Figs. 11e and 11f, both failure modes were reflected in the root of the
tenon A of the dovetail joints. On the one hand, depending on the lever principle, the
bottom received more tension force than the other position because the bottom of the tenons
was the closest to the fulcrum. On the other hand, as shown in Fig.12, the tenon A and the
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tenon B of the dovetail joint occlude each other, and the tenon B receives the force of the
tenon A perpendicular to its surface. This force restricts the tenon B in the x-axis and yaxis directions. The displacement causes the adhesive layer at the bottom of the tenon B to
be squeezed, and the adhesive layer formed is thinner. The tenon A only receives the force
of tenon B on the x-axis, but not on the y-axis. As a result, the bottom of tenon A will form
a larger space than the bottom of tenon B, and the adhesive will flow back to tenon A more
easily. The bottom, therefore, produces greater adhesion on the contact surface. When the
tenon was stretched, the fibers at the root of the tenon were easily torn because the two
forces were in opposite directions. Moreover, after the load disappeared, the mortise-andtenon joints had a poor capacity to overcome the friction for returning to their original state.
However, since the adhesive layer formed at the bottom of the tenon B is relatively thin,
the adhesive force is insufficient to damage the tenon B during stretching.
Although the application of adhesive does not have much influence on the
stretching tendency of the keyed joints, there is a certain difference in the destruction of
the joints. When T=50%, the unbonded joints did not detach after being stretched (Wang
et al. 2020), while the glued joints partially detached.

Fig. 12. Stress analysis of dovetail joint

CONCLUSIONS
The tensile properties of keyed and dovetail joints in box frames were investigated.
Comparative analysis of joint contact forces and failure modes of the two frames was
performed within the tensile displacement of 6 mm. The primary conclusions can be
summarized as follows:
1. As the ratio of groove depth to inclined surface height (T value) increases, the average
tensile load of the keyed joint shows a trend of first increasing and then decreasing. T2
is 66% higher than T1, and T2 is 18.4% higher than T3.
2. Under the gluing condition, the order of the joint contact force was as follows: S2 > T2
> T3 > S1 > T1. Regarding the failure mode, the keyed joint could be kept in good
condition, whereas dovetail joint failure always occurred at the root of the tenons in the
S1 direction.
3. When the value of T is about 75%, the contact force is obviously higher, which has
certain advantages in practical application compared with that when the value of T is
about 50% and 100%.
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