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Abstract: The research on population shows that the count of overweight people has been constantly
growing. Therefore, designing and modifying utility items, e.g., furniture should be brought into
focus. Indeed, furniture function and safety is associated with the weight of a user. Current processes
and standards dealing with the design of seating furniture do not meet the requirements of overweight
users. The research is aimed at designing flexible chairs consisting of lamellae using the finite element
method (FEM). Three types of glued lamellae based on wood with different number of layers and
thickness were made and subsequently, their mechanical properties were tested. Values for modulus
of elasticity and modulus of rupture were used to determine stress and deformation applying the
FEM method for modelling flexible chairs. In this research, the methodology for evaluating the
ultimate state of flexible chairs used to analyse deformation and stability was defined. The analysis
confirms that several designed constructions meet the requirements of actual standards (valid for the
weight of a user up to 110 kg) but fail to meet the requirements for weight gain of a population.

Keywords: glued lamella; flexible chair; weight of a user; ultimate state

1. Introduction

Requirements of the construction design of furniture for sitting arise from the needs to ensure
that healthy sitting provides physical, mental and social comfort for users. Promoting correct posture
with high quality lumbar support (total surface pressure is reduced as much as possible) and the
ability to change positions while sitting are two ways to make users feel comfortable over long periods
of usage. Correct sitting positions may prevent permanent spinal deformity or lower quality of life
physiology, such as breathing, digestion, etc. [1]. Several requirements must be taken into consideration
while designing seating furniture, but two of them are considered essential: Various measurements
of the human body (especially height), and different weight and human body shapes must be taken
into account.

Determining the appropriate single weight for all users is a difficult process as weight gain has
recently been reported all over the world. In many countries, population weight gain is seen as part of
the global obesity epidemic [2-8]. Data from 591 local and 369 national research studies were used by
the author [9]. Another study based on 450 national studies determined the trends in weight gain from
1990 to 2020 [10]. The data mentioned in both research studies, as well as in many others, have showed
overall weight gain in recent decades [11-13]. Regional and national studies in European countries
(Figure 1) show that the situation is very similar all over Europe [14-17]. In 2002, the 95th, 98th and
99th percentiles for the body weight of men in the US were 114.6 kg, 131.61 kg and 141.17 kg [18].
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Figure 1. Overweight and obese men in European countries in 2016 [19].

Similar increase in average weight of users has been observed in the Slovak population as well.
In 2017, the weight of more than 5% Slovak men was 110 kg (Figure 2). Moreover, the weight of 11% of
these men was more than 130 kg. Based on BMI data in Slovakia, in 2017, 400,000 men in Slovakia
suffered from obesity and 90,000 men suffered from severe obesity [19-23].
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Figure 2. Percentage of Slovak men with weight more than 110 kg.

Various industrial sectors, such as automation, aviation, furniture manufacturing, footwear,
and clothing industries have been affected by the current trend in human dimensions, especially steady
weight gain and an increase in human height over the last few years [24-26]. In the case of furniture,
these trends have been applied in some countries in the world recently, e.g., in the US, the standard
BIFMA X6.1 (2012), as a new safety and performance standard for educational seating was accepted by
the National Standards Institute (ANSI). Three sizes of school chairs were defined in the standard:
A (seat height of less than 352 mm, user weight of 35 kg—it corresponds with the 95th percentile for
boys aged 6), B (352 mm to 425 mm, 75 kg—it corresponds with the 95th percentile for girls aged
12), and C (more than 425 mm, 115 kg—it corresponds with 95% for adult male population) [27,28].
The standard resulted from long-term research that aimed at the importance of designing appropriate
classroom furniture for schoolchildren [29-33]. Furniture for users with weight from 253 1b (115 kg)
up to 400 Ib (181 kg), which corresponds with the 99.5th percentile for men in the US, is specified
in another accepted standard BIFMA X5.11 (2015) [34]. Similar standards were also accepted in
Australia, e.g., the standard AFRDI 142 (2012) focused on four categories of users of “heavy duty” office
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chairs: 135 kg for a single shift (8 h), 135 kg for multiple shifts, 160 kg for single/multiple shifts [35].
Another Australian standard AFRDI 151 (2014) deals with chairs for home, designed for users with
weight more than 100 kg (four options—135kg, 160 kg, 185 kg and chairs for bariatric patients with
the weight more than 300 kg) [36]. In Europe, there is the standard BS 5459-2 focused on static and
dynamic load of office pedestal chairs for persons with weight up to 225 kg [37]. This standard was
designed by the company Satra, furniture testing facility in the UK (ISO 17025:2017) [38,39].

There are not many research studies dealing with furniture dimensions and construction in
connection with overweight population or persons with disabilities [40]. References [41-44] suggest
using anthropometric measurements in the process of designing furniture. The research of the
authors [45,46] is focused on static analysis and testing the chairs in connection with the weight of
users. In Slovakia, the effect of body weight on the size of chair joints was analysed in the study [46].
At the same time, the effect of a secular trend on functional dimensions of furniture was studied [47].
Czech authors [48] dealt with the use of anthropometric data in connection with seating and bed
furniture as well. The authors [49] discussed the use of wider beds by healthcare providers in the
case of patients with weight of more than 159 kg. The use of specific bed size for users with weight
more than 147 kg or BMI score greater than 55 is suggested in another study [50]. Oversized beds for
patients with BMI greater than 45 are recommended in the study [51].

Native wood and wood composites, besides plastics, and metals, are the most used materials in the
manufacturing process of seating furniture. Fixed and flexible seating arrangement can be recognised
in terms of constructing and joining structural elements of seating furniture. Stiffness required,
especially in the case of dining chairs, is a typical feature of fixed seating arrangement made out of
solid timber [52]. Flexible seating arrangement is especially used in manufacturing chairs designed for
relaxation or as office chairs [53]. Wood is modified or wood-based composite materials are made of it
in order to increase wood flexibility (as well as wood strength). Laminated furniture panels—lamellae
and plywood—are widely used in furniture manufacturing. Properties of lamellae and plywood used
in furniture projects depend on many various factors, such as moisture content of veneers, temperature,
pressure and pressing time [54-58]. Adhesive properties, its viscosity, thickness of adhesive layer,
quality of adhesive application, mechanical properties of veneers, treatment quality or removal of
small elements from the surface (saw dust) are other factors affecting the bending strength [59-63].
Due to high bending strength of lamellae during dynamic loading, laminated wood is preferred in
furniture manufacturing, especially chairs and beds [64].

At present, there are two directions in the research into chair anatomy. The first direction is focused
on experimental testing of furniture construction. Experimental measurements and calculations are
focused mainly on the weakest point—the joint—during static and dynamic loading and on the effect
of tenon size on the ratio of dynamic to static loading rate [65-72]. The second direction deals with
furniture design and construction using numerical and analytical methods. The finite element method
(FEM) used to estimate or determine the load capacity of individual joint dimensions is the most often
used method [73-78].

FEM allows manufacturers to optimise the shape and size of chairs. The developed models
establish procedures to perform virtual testing on laminated bamboo chair to reduce product design
and testing time [79]. This virtual testing results in design improvement and development of the
laminated bamboo chair. The research study [80] is focused on classification of chairs according
to their performance. Three hundred and fifteen chairs were tested and following the test results,
acceptable light, medium and heavy design loads were determined for wood chair performance.
Moreover, these values are in compliance with the allowable design loads.

Current European Standards associated with seating furniture (EN 1728:2012, EN 12520:2015,
EN 1022:2018) are based on users with body weights of up to 110 kg [81-83]. Based on results of weight
gain all around the world, the aim of the research is to determine the effect of the human weight on the
load-carrying capacity and the dimensions of flexible chair consisting of lamellae. Mentioned data are
required to a large extent by chair manufacturers.



Forests 2019, 10, 525 40f 16

The aim of this paper was to analyse the effect of laminated furniture panels with various
thicknesses on the function of chair frame construction. Suggested minimum lamella thickness
meeting the requirements of chairs for users with weight up to 110 kg and 150 kg resulted from the
conducted research. For the ultimate load-carrying capacity and ability to use lamellae in flexible
chairs, three thicknesses of lamellae were studied. Other thicknesses of lamellae, required to ensure
overweight users feel safe, were tested. The methodology for evaluating the ultimate limit state of
flexible chairs used based on ergonomics and chair safety can be considered for further research;
normal and shear strength must be evaluated as well.

2. Materials and Methods

Three types of lamellae with various numbers of layers and total thickness were examined in the
research on mechanical properties. Individual types of lamellae consisted of 9, 11 or 13 veneer layers
created the final thickness of lamellae of 11.0 mm (type A), 13.5 mm (type B) or 16.0 mm (type C).

The lamellae were made of veneers of European beech wood (Fagus sylvatica L.) without defects
by rotary peeling process using a 4-foot lathe (Kralovopolska strojirna, Brno, Czech Republic) at the
Technical University in Zvolen, Slovakia from plasticized round wood. Beech wood is the most used
wood species in furniture manufacturing in Slovakia. Its mechanical properties make it ideal for veneer
production. The average thickness of veneers after drying to the moisture content of 6 + 1% was
1.23 mm. Direction of wood grain in all veneers in lamella set was the same. PVAC dispersion Rakoll E
WB 0301 (H. B. Fuller, Minnesota, USA) was used for gluing. The viscosity of the adhesive mixture was
5.500 mPa-s and pH value was 3.5 at the time of gluing. Adhesive was applied to the second veneer on
both sides using a glue spreader with two rollers and an adhesive layer formed was 220 g-m 2.

Veneer set pressing was carried out in a hydraulic press using a press mold to form the final
lamella shape. Forasmuch as the molds were under stress, the pressure during pressing process was
0.8 N'-mm™2, at a temperature of 20 °C for 30 min. The total dimension of pressed semi-finished
products was as follows: length of 600 mm and width of 280 mm. The angle between the two
adjacent lamella sides was 103° with radius of curvature of 80 mm. After stabilizing (120 h in standard
climatic conditions), the semi-finished product was cut into final lamellae with width of 50 mm.
Subsequently, individual lamellae were smoothed with 80-, 120- and 150-grit sandpaper to improve
final surface quality.

Afterwards, test specimens were formed from lamellae in order to determine mechanical properties.
Thirty test specimens of each type (A, B and C) with dimension of 250 x 50 mm were formed from
the straight part of the lamellae. From the mold lamella part, 30 mold test specimens for each type
(A, B and C) were formed. Subsequently, test specimens were air-conditioned at a temperature of
20 + 2 °C and air humidity of 65 + 5%. The moisture content (EMC) of specimens after air-conditioning
was 12 + 1%.

Flat common specimens were tested using the standard methodology of the three-point bend test
according to the standard EN 310: 1993. Mold unconventional specimens were tested by modified
methodology created for the needs of this research. Mechanical testing of mold specimens was carried
out using the modified three-point bend test. The load was spread evenly and the specimen was
broken after 60 + 30 s.

Wood is a material whose properties possess orthogonal anisotropy, i.e., its physical and mechanical
properties differ in three principal planes [84]. Three symmetry planes are differentiated in wood:
cross-section perpendicular to the grain direction, longitudinal-radial and longitudinal-tangential,
which are parallel with the wood grain direction and at the same time are mutually perpendicular.
Due to its structural organization, lamella can be considered to be an anisotropy material in the
plane perpendicular to the grain direction. The mechanical properties of lamella in both planes
perpendicular to the grain direction are almost identical. Therefore, wood-based lamellae can be
defined as transverse-axial anisotropic material. In the presented research, lamellae were formed as
an orthogonal anisotropic material. Anisotropy must be taken into account in the modeling with the



Forests 2019, 10, 525 50f 16

finite element method. The physical and mechanical properties of lamellae used in the modelling are
summarized in Table 1.

Table 1. Material constants for laminated beech lamellae, y direction is along the grain [85].

Young’s Modulus (MPa) Poisson’s Ratio (-) Shear Modulus (MPa)
Ex Ey E, Hxy Hyz Hxz ny Gyz Gxz
1130.0 16670.0 630.0 0.044 0.33 0.027 1200.0 190.0 930.0

In the research on seating construction, a chair consisting of two frames was created. Base chair
frame consisted of two U-shaped profiles were joined with transverse rails. The frame of seat and
back was flexible and joined with transverse elements. Glued joints were used for chair construction
because in comparison to other mechanical joining components, their stiffness was higher and they
transferred the load better. Anthropometric measurements of users were taken into account for
dimensions, construction and shape of the chair. Basic dimensions of designed chair are mentioned
in Figure 3. Lamella dimensions and shape used in the project corresponded with those made and
tested experimentally. While creating a chair model, three types of tested lamellae were used one after
another (type A, B and C).

Figure 3. Static loading of the chair according to the standard EN 1728:2012 + dimensions of the
designed chair.

The methodology for testing the chairs, especially loading, was based on the standard EN 1728:
2012. The users’ weight of 110 kg was regarded as maximum weight in the standard, while horizontal
force acting on the back was F; = 450 N and the vertical force acting on the seat was F, = 1300 N. In the
case of users with weight more than 110 kg, acting forces were not defined. However, statistics dealing
with the weight of adult population showed the fact that designing the furniture for users with weight
of up to 110 kg did not meet the actual requirements. Therefore, the forces resulting from the load
caused by the overweight users had to be defined. 150 kg was the maximum user’s weight set and the
forces were determined using multiple linear regression. Acting forces of F; = 613 N and F, = 1775 N
and user’s weight of 150 kg were used in the process of creating a chair model. Direction and the point
at which the force was applied are defined in Figure 3.

The loading analysis of the tested chair was conducted using the program ANSYS. In the software
environment, a 3D volume model taking into consideration the orthotropic properties of wood-based
lamellae was created. A coordinate system used was as follows: Y-axis was in the grain direction,
X-axis was perpendicular to the grain in the radial direction and Z-axis was perpendicular to the grain
in tangential direction. When mold lamellae were created—base, seat and chair back—the properties
of lamellae were changed in relation to the lamella shape. Chair base lamella was created from three
parts. Properties in individual planes were changed in relation to grain orientation. In the mold parts
of lamella, the values of loading perpendicular to the grain were defined. Material constants are
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defined in Table 1. Every element had to be assigned to a particular material. 3D element Solid 95 with
20 nodes was an element type. Boundary conditions were according to the standard EN 1728:2012.
Supports of the back legs of a chair were regarded as fixed (fixed supports) in order to ensure that
the loading was evenly transferred to the construction. Displacement supports were used in the front
legs of the chair, movement in the y-axis direction was available. All joints in chair construction were
considered fixed (bonded).

In terms of dimensioning the structural elements, limit state design requires the construction to
meet two principal criteria: the ultimate limit state (ULS) used to evaluate the strength of construction,
i.e., design strength and the serviceability limit state (SLS) used to evaluate the construction deformation.

The serviceability limit state, i.e., maximum deformation of flexible chair frame is defined neither in
scientific journals nor in standards. It can result from an ergonomic chair design, suggested dimensions
and seat-to-back angle. The angle recommended for designing a relaxed chair ranges from 103° to 110°.
When 110° was the maximum value of an angle that could not be exceeded during loading, then the
maximum displacement of a chair back was 40 mm backwards (Figure 4). This value of displacement
was considered the maximum value for evaluating the serviceability limit state.

Figure 4. Deformation of the flexible chair.

When determining the serviceability limit state for flexible chairs, maximum limit displacement
of the chair back in the highest point could be #,;;y = 40 mm. It resulted from the suggested
seat-to-back angle of 110° (Figure 4). Reliability of the designed displacement 1, (determined by the
FEM calculation) is:

Ug < Umax (@)

However, in terms of safety, a chair with mentioned limit displacement of back must be safe and
stable, i.e., backward overturning must not occur (chair must not tip over). Calculation of stability is
mentioned in the standard EN 1022:2018. Loading is shown in Figure 5. Considering the flexibility,
the studied lamella chair was a chair with variable geometry. According to the mentioned standard,
the chair was considered stable when it does not tip after applying a load of m = 110 kg. When the
seat-to-back angle was 110°, the centre of gravity of the load could not be positioned behind the tipping
point of a chair, i.e., the point when the back leg is in contact with the floor. The position of the centre
of gravity of the load can be defined using the graphical method (Figure 5).
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Figure 5. Defining the maximum possible deformation of the flexible chair.

The serviceability limit state boundary conditions resulting from the lamella stiffness determined
experimentally was defined specifically in the chair construction. Following the results of the FEM
analysis, normal and shear stresses were determined. When structural elements were dimensionised,
normal and shear stresses were considered to be a design stress. In the process of dimensioning the
chair components according to the serviceability limit state, requirements for reliable molding had to
be met:

00,4 < fr,04d ()

where: 0g ;—design stress in the beech lamella mold (MPa),
f10,4—design strength in the beech lamella mold (MPa).

The value of characteristic strength had to be determined in order to calculate the design strength
of lamella. Mean value of the bending strength (o) of tested lamellae achieved experimentally at
a temperature of t = 20 °C and ¢ = 65% was an essential condition to determine the characteristic
strength. Characteristic bending strength is a value corresponding with o quantile of assumed statistical
division of evaluated strength. When o = 5%, the formula is:

fook = 0-(1 = to5-9y) 3)

where: f;, o ;—characteristic bending strength of glued lamella (MPa),
o—mean value of bending strength (MPa),
fos—quantile of Student’s t-distribution (one-side test), when to5 = 1.64,
J,—coefficient of variation (absolute value) (MPa).

When the characteristic bending strength is known, design strength f;, o ; is determined using

the formula:
fook

M

(4)

f b,0,d — kmad .
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where: f;, o ;—characteristic strength of beech lamella in mold (MPa),
ym—partial safety factor (-), for wood-based materials y); = 1.3,

k.q—modification coefficient (-) (takes into account the effect of loading time and
moisture content on the characteristic strength of material) for the action/load with the
shortest design situation k,,,; = 1.10.

3. Results and Discussion

Values of bending strength were determined experimentally using the specimens made of lamellae
described in methodology. Bending strength was defined individually for flat and mold parts of
lamellae. Mean values of bending strength, characteristic values, as well as design values for flat and
mold lamella parts determined experimentally are summarised in the following tables (Tables 2 and 3).
The values in Table 3 highlighted in bold (f},0,4) were used for evaluation of the ultimate limit state.

Table 2. Calculated values of flat lamella.

Characteristic Bending

Mean Val . . . . .
Type of Lamella ga(l;/[ Pa )ue Coefﬁaer\;t(tz/f)Vanahon Strength DemgnfBend&\rﬁ’ aS)trength
c a o Foox (MPa) b,0,d
A 111.85 4.96 102.76 86.86
B 104.64 6.57 93.37 79.01
C 93.80 6.11 84.41 71.42
Table 3. Calculated values of mold lamella.
Mean Value Coefficient of Variation Characteristic Bending Design Bending Strength
Type of Lamella (MPa) 9 (%) Strength Fooa (MPa)
c a Fo.0x (MPa) b,0,d
A 123.85 4.55 114.61 96.98
B 98.13 3.59 92.35 78.15
C 89.48 5.97 80.70 68.28

3.1. Ultimate Limit State Assessment

With dependence on the type of chair construction, the joint between the side rail and back leg
or the seat-back joint is the most stressed joint [86—88]. This fact was confirmed in the process of
lamella chair construction with the stress concentrated especially in the mold of seat frame. In terms of
anisotropy, lamella mold is stressed in a direction perpendicular to the grain. Due to the direction of
chair loading and according to the theory of simple bending, the inner mold part is affected by the
compression parallel to the grain direction; on the other hand, outer mold part is affected by tension
parallel to the grain direction. Bending strength of wood perpendicular to the grain direction is greater
than the compression strength parallel to the grain direction and lower than the tensile strength parallel
to the grain direction. Therefore, when evaluating the ultimate limit state, design bending strength of
lamella f1, g 4 (gathered experimentally) is compared to maximum normal stress (in tension o 4 or on
compression 0. 4) gathered using FEM. Design stress determined by FEM cannot exceed the value of
design bending strength of lamella resulting from specimen testing in order to meet the conditions
associated with the ultimate limit state. Due to the fact that the most significant effect of stresses is in
lamella mold, values determined in mold lamellae were used for comparison. Maximum values of
normal stress achieved using the FEM for chairs made of lamellae (type A, B and C) and for loading of
110 kg and 150 kg are mentioned in Table 4. FEM visual outputs of stresses are shown in Figure 6.
Values highlighted in red colour are not suitable in terms of ultimate limit state.
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Table 4. Maximum values of normal stress for the pitch seat-to-back angle of 103°.

Loading of 110 kg Loading of 150 kg
Type of Lamella Design Stress FEM (MPa) Design Stress FEM (MPa)
In Tension 649 4 In Compression 6.9 4 In Tension 049 4 In Compression o 4
A 85.90 122.55 117.06 167.38
B 69.04 104.52 82.55 142.77
C 47.18 65.14 64.25 88.98
v
Normal Stress Normal Stress
Type: Normal Stress0( Auis) Type: Normal Stress( Axis)
Unit: MPa Unit: MPa
z ¥ Global Coordinate System Global Coordinate System
Time: L Time: 1
3.2.2019 15:24 3.2. 2019 1521
47,18 Max 64,251 Max
M7 47,225
nn 30,199
97397 13,173
-2,1404 -3,8525
-15,22 -20,879
-21,701 -37,904
-40,181 -54,93
-52,661 -11,956
-65.141 Min -88,982 Min

Figure 6. FEM visual outputs and stress concentration in tension and compression parts of lumbar
curve of chair. Left for 110 kg tension (max. 47.18 MPa) and compression (max. 65.14 MPa) design
stress and right for 150 kg tension (max. 64.25 MPa) and compression (max. 88.98 MPa).

Following the analysis of data gathered by comparing design values of bending strength
determined experimentally and the values of design bending strength resulting from the use of
FEM, the fact that ultimate limit state conditions were met can be stated. The values in Table 4 show
that lamella with thickness of 11 mm (type A) met the requirements for use for a user with weight of
110 kg, only in the case of tensile stress. The value of compression stress was exceeded by 25.57 MPa.
When the customer’s weight was 150 kg, design tensile stress was exceeded by 20.08 MPa and design
compression stress by 70.40 MPa. Following the results, the fact that this type of lamella cannot be
used in chair construction for overweight users can be stated.

Lamella with thickness of 13.5 mm (type B) met the requirements of the ultimate limit state when
the user’s weight was 110 kg. In the case of a user with weight of 150 kg, design values of tensile stress
were exceeded by 4.40 MPa and design compression stress by 64.62 MPa. Therefore, the lamella cannot
be used when the chair is loaded with 150 kg.

The thickness of the last tested lamella was 16 mm (type C). It met the ultimate limit state
conditions when the weight of a user is 110 kg. However, in the case of weight of 150 kg, it only met
conditions in terms of tensile stress. Design value of compression stress was exceeded by 20.70 MPa.
It means that lamella C cannot be used for chair construction for a user with weight of 150 kg as well.

3.2. Serviceability Limit State Assessment

Maximum values of the displacement of the upper edge of the seat u (mm) with loading of 110 kg
and 150 kg and corresponding values of the distance of the centre of gravity of the load from the
tipping point b (mm) in the direction of x-axis are mentioned in Table 5. FEM visual outputs to analyze
the displacement of the back are shown in Figure 7. The values of displacement highlighted in red
color are not satisfactory in terms of the serviceability limit state.
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Table 5. Maximum values of the backward displacement of the back u (mm) and values of the distance
of the centre of gravity of the load from the tipping b (mm) in the direction of x-axis.

Type of Lamella. Loading of 110 kg Loading of 150 kg
% (mm) b (mm) % (mm) b (mm)
A 289.15 —63.5 343.15 -140.1
B 189.13 +33.7 256.16 —54.6
C 96.72 +157.4 128.34 +74.2

Note: In case the back is not loaded, the distance between the centre of gravity of the load and the back leg is
b = +237.2 mm in the direction of x-axis.

Directional Deformation
Type: Directional Deformation(( Axis)
Unit: mm

Directional Deformation
Type: Directional Deformation(X Axis)
Unit: mm

Global Coordinate System
Time: 1

3.2.2019 15:29

Global Coordinate System
Time: 1
3.2.2019 15:26

0 Max
-20,349
-40,698
-61,046
-81,395
-101,74
-122,09
-142,44
-162,79
-183,14 Min

0 Max
-14,938
-29,875
-44813
-59,751
-74,688
-89,626
-104,56
v -119,5

-134.44 Min
Ld
b

Figure 7. FEM visual outputs of deformation and displacement of the back while the load is applied.
Left figure for 110 kg and right figure for 150 kg.

Analyzing the data summarized in Table 5, the serviceability limit state conditions can be evaluated.
According to the requirements, seat-to-back angle must not exceed 110° (meeting the conditions results
from the displacement of the upper edge of the seat). At the same time, the position of the centre of
gravity must not be behind the tipping point and b value must not be negative in the direction of the
x-axis. Tipping point is defined in the position of the back edge of the back leg.

Following the values determined by FEM for the lamella-type A, it is clear that the lamella did
not meet defined conditions in the case of the loading of neither 110 kg nor 150 kg. In both loadings,
allowable value of the displacement of the upper edge of the chair back was exceeded, and the value
describing the position of the centre of gravity was negative in the direction of x-axis. Support provided
by this lamella in the chair back was not adequate. Therefore, there was a danger of tipping over.

The lamella-type B did not meet the requirements for allowable back deformation for user weight
of 110 kg and 150 kg. In terms of the position of the centre of gravity, the requirement is met only in
case of loading of 110 kg. When user weight is 150 kg, there is a danger of tipping over because the
centre of gravity was positioned behind the back leg of the chair.

The lamella-type C met the requirements for the position of the centre of gravity in the case of
both weights of users. In spite of these findings, its use was not accepted due to the deformation of the
chair back. Its value exceeded the allowable value for user weight of 110 kg or 150 kg.

The mentioned findings associated with meeting the requirements of the ultimate limit state as
well as the serviceability limit state and the use of lamellae implied that no lamella type can be used in
any tested cases of chair construction. Albeit the lamella-type C met the requirement for the ultimate
limit state for the user with weight of 110 kg, the requirements for the serviceability limit state were
not met.

3.3. Lamella Construction Meeting the Requirements of Ultimate States

Following the mentioned findings, the fact that lamella used in given chair construction should
consist of a higher number of layers, thus, with greater thickness can be stated. Therefore, the group of



Forests 2019, 10, 525 11 of 16

specimens of lamella (type D) with 17 layers with total thickness of 21 mm was formed. Following the
testing, design value of bending strength o = 35.83 MPa with the coefficient of variation of 9 = 5.3% was
determined. Consequently, FEM analysis was carried out to determine the values of design stresses
and deformation of the chair back. Calculated values are summarized in Table 6. FEM visual outputs
of the stresses and displacement of the chair back are shown in Figure 8.

Table 6. Values of design compression and tensile stresses and values of the backward displacement of
the chair back u (mm) in the case of the lamella type D when loading is 150 kg.

Type of Lamella Design Stress-FEM (MPa) Displacement of the Chair Back
in Tension in Compression u (mm)
D 28.16 26.78 37.41

Morrmal Stress
Type: Mormal Stress( Sxis)

Unit: MPa
Global Coordinate System
Titme: 1

7 ¥ 3022019 14:18

28,157 Max
22,053
15,249
9,844
3,7404
-2,3638
B 4681
-14,572
-20,677
-26,781 Min

Directional Deformation
Type: Directional Deformation(x &xis)
Unit: mrm

Global Coordinate Systerm
Time: 1

3.2,2019 14:16

0 Max
-6,9978
-13,996
-20,993
-27,901
-34889
-41,987
-43,983
-55,982
-62,98 Min

Figure 8. FEM visual outputs of stresses and displacement of the chair back with thickness of
21 mm when loading is 150 kg. Left: Values of design compression (23,781 MPa) and tensile stresses
(28,157 MPa), right: value of the backward displacement of the chair back (37,413 mm).

Comparing the values of design bending strength and design values of stresses and values of
the displacement of the upper edge of chair back achieved by the FEM analysis, it is clear that the
lamella-type D with thickness of 21 mm would meet the requirements for both ultimate states in the
case of loading of 150 kg. Due to the fact that in the research only a small sample size of this lamella
type was made, testing lamella type D will offer an excellent opportunity for further research focused
on dynamic loading.

Comparing the results to other studies dealing with chair modeling using FEM is quite difficult
because of the evaluation stress according to von Mises mentioned by most authors. Wood is a material
whose properties possess orthogonal anisotropy with nonlinear performance in elastic and plastic
deformation. According to our opinion, two mentioned facts are key factors not allowing researchers
to evaluate the stresses in wood-based material according to von Mises. The von Mises stress criterion
is weighing the different oriented stresses to one “mixed” stress, which is not suitable to be compared
to a scalar failure value for wood [89].

4. Conclusions

Various areas of economy, including furniture design and construction, have been affected by
weight gain trends across populations in the last years. In Slovakia, the average weight of the population
has increased by almost 10 kg over the last 25 years. A similar trend is observed globally. Almost 6%
of the Slovak population is men with weight more than 110 kg. Therefore, the current standards must
be re-evaluated. Valid legislation dealing with furniture design takes into account users’ weight of
110 kg. However, according to anthropometric studies, 150 kg is the weight of users that should be
taken into account in the future.
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e  The research presented was focused on the assessment of two ultimate states of flexible chair
construction. Minimum thickness requirements for lamellae needed for chairs for users with
weight up to 110 kg and 150 kg resulted from the research.

e Following the mechanical properties of laminated veneer lamellae and the assessment of
ultimate limit state and serviceability limit state, as well as the use of lamella in flexible chairs,
four thicknesses of lamellae were examined.

e Requirements for the strength of structural elements were evaluated by the ultimate limit state
and allowable deformation of chair construction and the position of the centre of gravity during
the loading were evaluated by the serviceability limit state. Following the results of the research,
the fact that three types of tested lamellae (thickness 11 mm, 13.5 mm and 16 mm) did not meet the
requirements of the both ultimate states. Lamella with thickness of 21 mm met the requirements
for both ultimate states in the case of loading of 110 kg and 150 kg.

e  The methodology to evaluate the serviceability limit state of flexible chairs based on ergonomy
and chair safety can be considered as another contribution of the research.

Weight gain is a global problem affecting the industrial goods sector. In the case of research,
the cooperation of professionals in anthropology, ergonomics, construction, design and health is
needed, in order to modify the size and function of furniture. Designing wooden furniture should be
connected with a sustainable strategy of economy aimed at efficient use of local renewable resources.
Only a complex approach can contribute to meeting the goals of sustainability of the furniture industry
leading to sustainability of standards and timeliness.
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