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ABSTRACT

3D geometric model of one-seat frame for upholstered furniture was created by the CAD
system Autodesk Inventor Pro®. A linear static analysis was carried out with CAE system Au-
todesk Simulation Mechanical® by the method of finite elements (FEM) simulating light-ser-
vice loading of the frame.

The orthotropic material characteristics of pine solid wood (Pinus Sylvestris L.) for the
rails and particleboard (PB) for the side plates are considered in the analysis. Corner joints in
the frame with staples and PVA glue were considered. FEA was performed with regard to la-
boratory established coefficients of rotational stiffness of used staple corner joints in the frame —
case butt joints and end to face butt joints.

As a result, the most loading construction part of the frame with staple corner joints is
established — the rear upper rail of the seat where the maximum values for linear displacements,

nodal rotations and stresses are received due to the nature of the applied loading.
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INTRODUCTION

Upholstered furniture frames made of
solid wood and wood based panel materials
are the most widely used in manufacturing
practice because of the possibilities of ration-
alizing the structure using the most used ma-
terials in the furniture industry. The ability to
use waste strips from panel cutting signifi-
cantly reduces the material cost and the cor-
responding cost of the product. In Bulgaria
and worldwide the particle boards (PB) are
widely employed panel type wood based
composites for production of upholstered fur-
niture frames.

Smardzewski (2001) has made an at-
tempt to find an optimal solution for the con-
struction of a supporting structure in a single-
seat arm-chair made of wood and chipboard
joined with staples taking into account that
the problems of quality verification of sup-
porting elements in armchairs and sofas have

not been undertaken before that. Material op-
timization of construction has been per-
formed only for the main component, but the
materials have been considered as isotropic.
The strength optimization has been carried
out by a numeric method using Algor® com-
puter program and has resulted in lower
(68%) solid wood consumption, guaranteed
optimal strength parameters.

Lately, Smardzewski and Prekrat (2009)
have carried out laboratory and numerical in-
vestigations of two-person sofa frame with
side elements from PB and beam elements
from pine and beech wood and have taking
account of orthotropic nature of used materi-
als in the FEA with Algor® CAE. They have
proposed new dimensions of the construction
elements and in the result consumption re-
duction of beech wood by 36% and that of PB
by 25% without significant change of the
construction rigidity and strength has been
established.
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More information concerning the defor-
mation and strength characteristics of case
furniture made of PB is available:

Marinova and Kyuchukov (1997) and
Kjutschukov and Marinova (1997) have car-
ried out deformation and strength analyses of
a case furniture with no inner fixed partition
elements made of orthotropic veneered PB,
subjected to the working load with the cre-
ated FEM methodology by Marinova (1996)
for SAP software. Three types of corner joint
have been considered — rigid, hinged and
semi-rigid with taking account of test estab-
lished rotational stiffness of joints with dow-
els, joint fasteners and screw connectors. The
authors have reported that the most deforma-
ble was the case with hinged sides and the
maximum stresses have been localized in the
front part of the case. They have recom-
mended the point of the applied exploitation
horizontal force for its displacement to be lo-
cated closer to the bottom and to the back of
the case. Further, Kjutschukov and Marinova
(1998) have investigated the deformation of
the same case furniture model by FEM apply-
ing heaviest external horizontal force in two
variants: at a point 1600 mm from the floor
and a point of the middle of the side and have
established that the second variant is a better
one for displacement of a loaded piece.

Nicholls and Crisan (2002) have ana-
lyzed the stress and strain state in corner
joints made of chipboards with beech dowels,
typically found in furniture box-type struc-
tures with ANSYS™ by using FEA. Alt-
hough isotropic characteristics of chipboards
have been considered they have found that
clear areas of stress concentrations were ob-
served in the region where the fixing compo-
nents are located.

Norvydas et al. (2012) have laboratory
tested the strength of the multidowel glued
miter corner joints of case furniture from PB
and have established that the bonding

strength of the mitre joint of the wood parti-
cle board has exceed the material strength by
even 10% and it is possible to achieve maxi-
mal load bearing capacity of construction.

Imirzi and Efe (2013) have analyzed the
bending strength and stiffness properties of
L-type corner joints with dowels, dowels-
screws and PVAc glue in cabinet type furni-
ture made of PB with 14, 16 and 18 mm
thickness laboratory and by FEM (AN-
SYS®™). The comparisons have revealed that
computer model have showed more rigid
characteristics than the experimental element
and have reached the fracture as the maxi-
mum difference of 12,61% have been estab-
lished for dowel-screw joints and 14 mm PB.

Yuksel et al. (2014) have investigated
the effects of panel thikness on moment re-
sistance on L-type corner joints and stiffness
of four-member cabinets made of PB. They
have established that 16 mm PB cabinets
yielded higher stiffness values than those of
18 mm.

The literature study revealed a limited
number of publications on frame studies of
upholstered furniture made of PB with staple
joints.

The aim of this study was to define and
analyze the displacements and stresses of
one-seat frame of upholstered furniture with
staple joints and side plates of particle boards
(PB) under light-service loading by
CAD/CAE using the method of finite ele-
ments (FEM).

MATERIALS AND METHODS

3D model of one-seat upholstered furni-
ture frame with length 600 mm, width
725 mm and height 650 mm was created with
Autodesk Inventor Pro® — Fig. 1. The used
rails are with cross section 25x50 mm.

3D discrete model of the frame was cre-
ated with plate finite elements — Fig. 1. The
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generated Midplane mesh has 5130 ortho-
tropic finite elements and 33616 DOF's. A
linear static analysis of 3D discrete model of
the upholstered furniture frame was carried
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out with CAE system Autodesk Simulation
Mechanical® by the Finite Elements Method
(FEM).

Figure 1: 3D frame discrete model and loading

Orthotropic materials type was used for
construction elements of the frame:

Scots pine (Pinus sylvestris L.) for rails
and strengthening details with measured den-
sity 430,65 kg/m® according to BDS EN
323:2001 and elastic characteristics:
Ex=E =9000.10° N/m?, E, = Er =
593.10° N/m?, G1=554,5.10°N/m?, Poisson
ratios vir=0,03, wv.1=0,027, v71.=0,41,
vrL=0,049.

Particleboard (PB) for side plates with
thickness 16 mm and measured density
678,06 kg/m* according to BDS EN
323:2001. The physical and mechanical char-
acteristics of the used PB panels are: modulus
of elasticity in bending Ex=2700.10° N/m?
and E,=1600.10° N/m?; bending strength
11.10% N/m?; Poisson ratios vx,=0,030 ac-
cording to Bodig et al. (1982) and vyx=0,18,
calculated from equation 1:

A% V
PR 1)
X y

Support boundary conditions were set:
bottom front rail — no translation on y direc-
tion and bottom rear rail no translation on x-,
y- and z direction — Fig. 1.

In order to simulate semi-rigid connec-
tions between rails and side plates of the
frame two actions were performed: First—in
the place of joints in the discrete model nar-
row zones were created with established via
tests by FEM lower modulus of elasticity of
the used materials perpendicular to the com-
mon edge of the corner joint. Second - the la-
boratory determined by Hristodorova (2018)
coefficients of rotational stiffness of the cor-
ner joints with 2 staples and PVA glue, load-
ing under compression were introduced in
the nodes of the respective corner joints -
case butt joints (¢c=1017,52 N.m/rad) and end
to face butt joints (¢c=822,77 N.m/rad).

The discrete frame model was loaded
with a total load of 800 N, distributed as fol-
lows (Fig. 1):

Seat: 80% was set as a remote force, dis-
tributed between upper rails of the seat with
application point of 100 mm in front of the
upper rear rail, simulating upholstery base;

Backrest: 16% set as equal nodal forces,
distributed on the edges of the two sides of
the backrest, simulating elastic belts.

The changed from 90° angle y between
the joint shoulders at upper rails of the seat
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was measured by vectors with the program
Autodesk Simulation Mechanical®.

The more detailed the methodology has
been described in our previous publication —
Staneva et al. (2018).

RESULTS AND DISCUSSION

The results of static analysis for linear
displacements u, nodal rotations 6, von Mises
stresses Gvon Mises, Maximum principal stresses
o1, minimum principal stresses 63 and equiv-
alent strains evon mises, @S Well as the changed
angle y between the joint shoulders at the rails
of the seat are shown in Table 1, Table 2 and
in Fig.2 to Fig.7 for the frame and for the side
plates of the frame respectively. The visuali-
zations of the deformed model are shown

with a scale factor 3% of model size for the
frame and with a scale factor 5% for the side
plates.

In Fig. 2, the distribution of resultant
displacements is presented. The maximal re-
sultant displacement of 2,68 mm (rear rail)
and 1,34 mm (front rail) is received in the
middle of the rails of the seat, on the inside
of the rails and they are determined mainly
by the y-displacements (uy) — Table 1. The
maximal resultant displacement in the rear
rail of the seat is 2 times greater than the same
in the front rail of the seat. This is due to the
nature of the applied force on the seat with
application point of 100 mm to the rear rail
of the seat, which coincides with the applica-
tion point of the weight of the model.

Table 1: Maximal displacements and strain in the model.

Parameter Location Value
ux.10°3, [m] side plates 0.10
uy.10°3, [m] front upper rail  -1,34

rear upper rail -2.68
u;.1073,[m] base of side plates  0.41
Ox, [°] rear upper rail 0.79
Oy, [°] side plates 0.20
0z, [°] front upper rail 1,70

rear upper rail -1,80
€von Mises, [M/m] side plates 0.0095
7, [°] front upper rail 89,79

rear upper rail 89,66

Table 2: Maximal displacements and stresses in the side plates.

Parameter Location Value
Ux.1073, [m] backrest 0.104
uy.1073, [m] front upper rail  -0,13

rear upper rail -0.16
U;.1073,[m] base of side plates  0.41
Ores,[°] front upper rail 0,37

51,105, [N/m?]

53.105, [N/m?]

front upper rail

rear upper rail 0,65
front upper rail 3,05
rear upper rail 2,21
-4,12
-6,23

rear upper rail

In the side plates of the frame the maxi-
mum values of the resultant displacement

(0,42 mm) are received in the places of the
base of the seat where dissolution of the side
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plates is observed (Fig. 2) - the resultant dis-
placement is determined mainly by z-dis-
placement (u;) — Table 1. In the field of rear
rail of the seat in the side plates the resultant
displacement (0,18 mm) is almost 1,4 times
greater than the same in the field of the front
rail of the seat. In x-direction the maximum
x-displacement (0,104 mm) is received in the
field of the upper part of the backrest in the
side plates, i.e. the backrest tilts forward —
Fig. 2.

The maximal resultant nodal rotations
Ores=1.80° for rear rail of the seat and
Ores=1.70° for front rail of the seat are located

Displacement
Magnitude
m

Displacement
Magnitude
m

0,002678
0,00241

0002143
0001874

0,0004192

0,0003776

0,0003359

0,0002943

0,0002527

0,0002111

0,0001694

0,0001278

§,619e-005
4 .456e-005
29388

in the middle of the upper rails with insignif-
icant difference between them and are deter-
mined by the rotation around z-axis — Table 1
and Fig. 3.

In the side plates maximum resultant
nodal rotation (0,65°) is received in the field
of joining of rear rail of the seat and is almost
1,75 times greater than the same in the field
of front rail of the seat — Fig. 3.

Expectedly, the change in the angle y be-
tween the joint shoulders at the rear rail of the
seat is also greater than the same in the front
rail of the seat — Table 1 and Fig 4.

Displacement
X Component
m

0,0001041
8,732e-005
7,049e-005
5,366e-005
3,683e-005
2,001e-005
3,18e-006

-1,365e-005
-3,048e-005
-4,73e-005

et 0,000 150 | < oo

Figure 2: Distribution of resultant displacements in the model and in the side plates

Nodal Rotation
Magnitude
® {angle)

1,802
1,622
1442
1,262
1,081
0,9012

Nodal Rotation
Magnitude
° {angle)

0,64584
0,5846
0,5208
04572
0,3935
0,3298
0,2661
0,2024
'+ 0,1386
0,07492
0,011

Figure 3: Distribution of resultant rotational displacements in the model and in the side plates
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Dis=tance between last 2 nodes = 0,0124322m
DX = -1,25267e-006m
DY = 0,0124319m

DZ = -7,85297e-005m
Angle between last 2 nodes = £9,6592% (angle)

Bend Angle (180 - Angle)

= 90,3407 (angle)

Figure 4: Angle y between the joint shoulders at the rear rail of the seat

The distribution of von Mises stresses,
maximum principal and minimum principal
stresses in the model and in the side plates is
presented in Fig. 5, Fig. 6 and Fig. 7.

The maximal value of von Mises stress
ovonmises=7,99.10% N/m? is concentrated in the
middle of the rear rail of the seat and is 1,95
times greater than the value of von Mises
stress in the front upper rail
(ovonmises=4,09.10% N/m?), which is localized
near by the corner joints with the side plates
due to the loading type and location of the
biggest bending moments (Fig. 5).

In the side plates von Misses stress has
maximum value in the field of rear rail con-
tact area of the seat, but it is 1,45 times

Stress
von Mises
NA(m*2)

7,995e+006
7,195e+006
6,396e+006
5,596e+006
4,797e+006
3,998e+006
3,198e+006
2,399e+006

7.999e+0058
536,7

smaller than the maximum value in the rear
rail of the seat — Fig. 5.

The maximum principal stress (tension
stress) has maximum value (7,79.10° N/m?)
located in the middle of the rails of the seat -
at the bottom side. The value in the rear rail
(3,65.10° N/m?) is 2,13 times greater than this
in the front rail — Fig. 6.

In the side plates the maximum tension
stress has localized in the area of the joining
of the front rail — Fig.6.

The maximum of minimum principal
stress (compression stress) in absolute value
of 8,01.10° N/m? is located on the top of the
rails of the seat, in the middle of the rails of
the seat, as in the rear rail it is 2,11 times
greater than this in the front rail — Fig. 7.

Stress
von Mises
NA(m"2)

5,509e+006
4,959e+006
4,409e+006
3,858e+006
3,308e+006
2,758e+006
2,207e+006
1,657e+006
1,107e+006
5,565e+005
19

Figure 5: Distribution of von Mises stresses in the model and in the side plates



84 NELLY STANEVA, YANCHO GENCHEYV, DESISLAVA HRISTODOROVA

Stress
Maximum Principal g
NA(2)

7,789e+006
7.01e+006

6,231e+006
5,453e+006
4 674e+006
3,895e+006
3,116e+006
2,337e+006
1,558e+006

7,79e+006

Maximurm Principal

Stress

NA("2)

3,049e+006
2,744e+006
2439e+006
2,134e+006
1,829e+006
1,524e+006
1,22e+006

9,147e+005
6,098e+005
3,04%e+005
-3,871e-008

Figure 6: Distribution of maximum principal stresses in the model and in the side plates

Stress
Minimum Principal
NA(m*2)

-8,005e+006
-7,205e+006
-6,404e+006
-5,604e+006
-4,803e+006
-4,003e+006
-3,202e+006
-2,402e+006

Stress
Minimurm Principal
NAm"2)

-6,233e+006
-5,61e+006
-4,986e+006
-4,363e+006
-3,74e+006
-3,116e+006
-2,493e+006
-1,87e+006
-1,247e+006
-6,233e+005
5,675e-010

Figure 7: Distribution of minimum principal stresses in the model and in the side plates

In the side plates the compression stress
has maximum in the coupling areas of the
rear rail of the seat (in absolute value of
6,23.105 N/m?) and is almost 1,29 times
smaller than this of rear rail of the seat -
Fig. 7.

The maximum value of equivalent strain
is localized in the side plates - in the field of
joining of the front rail — Table 1.

CONCLUSIONS

From the results of this investigations of
the deformations and stresses of one-seat up-
holstered furniture frame made of Scots pine
rails and PB (thickness 16 mm) side plates
with corner joints — staples and PVA glue by
FEM with CAE program Autodesk Simula-
tion Mechanical®, as well as the analysis
made, several conclusions can be derived:

The type of corner joints has a determin-
ing effect on the deformations and stresses of

the construction elements of the upholstered
furniture frame and the joints between them
under service load. Under light-service load,
the critical joints in the upholstered furniture
frame have been established — the corner
joints between rear rail of the seat and the
side plates of PB.

The most loading construction part of
the upholstered furniture frame is the rear rail
of the seat where the maximum values for lin-
ear displacement, nodal rotation and stresses
are received. In the side plates of PB, the
maximum values for linear displacement,
nodal rotation and stresses are received in the
field of joining of the rear rail of the seat.

It is recommended that the rails of the
seat should be further strengthened in the
joints with the side plates with additional
strengthening construction elements in order
to improve the deformation and strength
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characteristics of the upholstered furniture
frames with side plates made of PB.
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