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SAZETAK e The subject of the research is a ready to assemble (RTA) chair constructed of plywood by a CNC
machine. The standard test of seat and back of the chair according to the Czech Standard CSN EU 1728 was
supplemented with an optical method of digital image correlation (DIC). The aim of the research was to discover
mechanical principles of the construction and to develop a methodology of standardized furniture testing. Results
of experimental measurement show the response of the chair construction in a form of displacement fields, strain
fields, charts and vectors depicting displacement of the observed points. The results can be used to improve me-
chanical properties of the construction, as well as to develop a shape of the product or specific parts of the product.
Besides furniture testing laboratories and research institutes, engineers from development departments of furni-
ture making companies or industrial designers can easily use the presented method.
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SAZETAK ¢ Predmet istrazivanja bio je stolac spreman na sklapanje (RTA), izraden od uslojenog drva na CNC
stroju. Standardni test sjedala i naslona stolca prema ceskom standardu CSN EU 1728 dopunjen je optickom
metodom korelacije digitalne slike (DIC). Cilj istrazivanja bio je otkriti mehanicka nacela konstrukcije te obo-
gatiti metodologiju standardiziranog ispitivanja namjestaja. Rezultati eksperimentalnih mjerenja prikazuju reak-
ciju konstrukcije stolca u obliku polja pomaka, polja naprezanja te grafikona i vektora koji predocuju pomake
promatranih tocaka. Rezultati se mogu iskoristiti za poboljSanje mehanickih svojstava konstrukcije, kao i za razvoj
oblika proizvoda ili ispitivanih dijelova. Osim u laboratoriju za ispitivanje namjestaja ili u istrazivackim institu-
tima, prikazanom se metodom lako mogu koristiti inzenjeri razvojnih odjela u tvrtkama za proizvodnju namjestaja
ili industrijski dizajneri.

Kljucne rijeci: standardno ispitivanje namjestaja, korelacija digitalne slike, stolac, ploca od uslojenog drva, CNC
stroj
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1 INTRODUCTION
1. UVOD

Information technology development and indus-
try automation resulted in the development of CNC
technologies, nowadays also used in furniture manu-
facturing. RTA furniture made of wood composites by
CNC machines is the most often serially manufactured
furniture. While the furniture has been produced for
more than twenty years, experience with constructing
it and with its strength properties is limited. Until re-
cently, the trial and error approach was the only way to
research the methods of development of furniture and
wooden products. Development of technologies, new
materials and informatics not only in production and
marketing, but also in furniture design, brings about
many methods that allow engineers and designers to
adopt new approaches to their work. Despite the fact
that standardized furniture testing, e.g. according to
European Standards (EN), is not compulsory for pro-
ducers in most cases, it is commonly implemented. Nu-
merical simulations have been applied by furniture in-
dustry in a limited way so far (e.g. Mirra Office Chair;
Larder and Wiersma, 2007). However, they are sup-
ported by research rather significantly. From a large
number of studies, we would like to mention the re-
search on behaviour of constructions of upholstered
furniture (Smardzewski and Prekrat, 2009), sitting fur-
niture (Prekrat et al., 2012; Horman et al., 2010;
Smardzewski and Gawronski, 2003), box-type furni-
ture (Nicholls and Crisan, 2002; Tankut et al., 2012),
bed (Konas, 2008), desk (Novotny et al., 2011), as well
as the research on behaviour of wood product joints
(Mihailescu, 2003; Cernok et al., 2004; Prekrat and
Smardzewski, 2010; Serrano and Enquist, 2010). The
issue of strength design of furniture and various re-
search methods is rather comprehensively described by
Eckelman (2003), Smardzewski (2004) and Josc¢ak
(1999).

Although optical research methods are relatively
well described and applied in other industries, they are
still rare in furniture making and logging. The issue of
Digital Image Correlation (DIC) methodology in rela-
tion to a shape, and deformation measurement is de-
scribed e.g. by Sutton (2008) or Cintrén and Saouma
(2008). Nestorovi¢ et al. (2011) employed DIC (3D)
and numerical simulation to define material properties
of veneer composite structure laminate, analysing a
chosen shell of a chair. Smardzewski et al. (2008) ana-
lysed nonlinear behaviour of polyurethane furniture
foams combining experimental testing, DIC measure-
ment and numerical modelling. Also Enquist (2005)
applied 3D DIC measurement for different purposes in
furniture design and material testing. Miyauchi et al.
(2006) analysed strain distributions of wooden dovetail
joints using DIC. Also Masuda and Tabata (2000) com-
bined DIC and numerical simulation (FEM) when test-
ing pinned joints in wood under tension load. Betts et
al. (2010) applied DIC to locate a neutral axis in wood
beams strained by bending. Muszynski et al. (2002)
employed DIC to research wood deformations with an

130

axial creep test under varying climate conditions. Be-
sides DIC, there are also other optical methods used in
research and development of wood products, e.g. opti-
cal triangulation measuring the quality of surfaces
(Costa, 2012) and precision of production against 3D
models, laser vibrometers used for testing mechanical
characteristics of furniture connections (Weyrauch et
al., 2013), speckle pattern interferometers used for
testing deformation of wooden joints (Umezaki et al.,
2004) or photo tensometers used for testing gluing
strength of wood joints (Mihulja ef al., 2008).

The main objective of this study is to assess the
mechanical behaviour of RTA chair constructed of ply-
wood using an optical method based on digital image
correlation. Another goal is to develop the methodolo-
gy of standardized furniture testing so that it can also
be used in research and development of furniture con-
struction — industrial products.

2 MATERIALS AND METHODOLOGY
2. MATERIJAL | METODE

The chair was created parametrically in environ-
ment modelling of the CAD and CAM program, with
dimensions 900 by 490 by 430 mm. It was made by a
CNC machining centre (with a nesting table) of 12 mm
thick birch (Betula pendula) plywood, with integrated
dovetail not-glued joints — RTA furniture. Similar prin-
ciples of constructing furniture based on mass produc-
tion were described e.g. by Oh et a/ (2006). The chair
was assembled from six parts. It was designed as self-
locking (Figure 1a).

The chair construction was mechanically loaded
in an accredited furniture testing laboratory according
to the Czech Standard CSN EN 1728, Article No. 6.4
— Static strain test of a seat and back of a chair.

A universal pneumatic testing device was set up
according to the template (Figure 1) and design. The
device was loaded to the seat with the force of 1300 N
and to the back with the force of 450 N in 10 cycles,
from P1 and P2 points determined by the loading dia-
gram (Figure 2 and Article 5.2 of the Standard). To pre-
vent the chair from moving on the floor, it was sup-
ported with adjustable stops. Afterwards, the values of
displacement in the horizontal and vertical direction
for P1 — P6 points were assessed.

Experimental optical measurement was carried
out by the DSLR (Digital Single-Lens Reflex) camera
Nikon D5100 (16Mpix resolution) and Nikkor 50 mm
F1.8 AF-S lens, which were set perpendicularly to the
examined surface — the side frame of the chair. To
achieve constant intensity of the recorded surface im-
age, it was necessary to keep stable lighting conditions
within image acquisition. For this purpose, the exam-
ined surface of the chair construction was lightened by
a pair of diffuse lights. The frequency of recording was
set up to 1 fps, the bit depth of images was 8-bit (256
shades of grey). 8-bit images are necessary for further
processing and for computing the displacement fields.
The open-source tethering software DigiCamControl
(by Duka, I.), connected to the DSLC camera using the
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a.

b.

Figure 1 a) Chair construction and template for determination of straining points P1 and P2, b) Scheme of experimental chair

testing with P1 — P6 points

Slika 1. a) Konstrukcija stolca i predlozak za odredivanje tocaka deformacije P1 i P2, b) shema eksperimentalnog ispitivanja

stolca s oznac¢enim to¢kama od P1 do P6

USB port, was used to transfer data to a mobile PC sta-
tion. Correlation computation of displacement and
strain fields was carried out in the Vic-2D (by Corre-
lated Solutions Inc.) program. Motion tracking of P1
— P6 points was carried out in the open-source program
Blender (by Blender Foundation) and verified subse-
quently by the Vic-2D program. To guarantee the valid
computation by the DIC method, it is necessary to cov-
er the recorded surfaces with (ideally) a two-compo-
nent contrasting colour (e.g. black and white) before
testing. To fulfil this condition, a spray system was
used from the distance, which provided speckles of
recommended size of 3 — 6 pixels (Sutton et al., 2009).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The first goal of the work was to compute the dis-
placement fields on the chair side frame using the DIC
method. The result is shown in Figure 2 and 3, where
the back and the seat are in the second cycle of experi-
mental testing (image No. 20). As it can be seen, the
DIC computation brought reliable results based both
on quantitative (standard deviation was lower than
0.05) and qualitative evaluation (displacement con-
tours follow mechanical behaviour assumptions result-
ing from a loading mode). The ultimate value of hori-
zontal displacement was observed at the top of backrest
(u=3.92 mm, Fig. 2) and the ultimate value of vertical
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displacement was observed at the front leg (v = 1.185
mm, Figure 3).

The next step in the analysis was to look at the
strain fields computed from displacements. The strain
field in horizontal direction (¢ ) is shown in Figure 4;
the vertical strain component (eW) is shown in Figure 5
(also for image No. 20). The results indicate that verti-
cal strain is the highest in the dovetail connections on
top of the chair seat. Nonetheless, its highest absolute
strain did not exceed ~ 0.3 %, so we can affirm that all
strains occurring there are elastic — below the propor-
tional limit of all possible loading modes in wood and
birch plywood (Bodig and Jayne, 1993; Wood Hand-
book, 2010). The horizontal strain is the highest in the
backrest dovetail connections and its maximal absolute
value is ~ 1.56 %. This value is often measured above
the proportional limit, so the question is whether plas-
tic strain occurred or not. A detailed visual analysis of
the connection indicated that the plastic strain most
likely did not occur — the fibres of surface ply did not
fail in any mode.

The reason why such high strains were obtained
is that the computed strains at the connection interfer-
ences might be influenced by their geometric intoler-
ances. It means that the virtual strain gages used for
computing consider the gap between connection parts
as solid parts of the chair, i.e. gaps are considered as
parts of the applied stochastic colour pattern. Three
fundamental findings resulted from that: a) it is neces-
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Figure 2 Horizontal displacement field, mm (for image No. 20)
Slika 2. Podrucje horizontalnog pomaka, mm (za prikaz broj 20)

sary to analyse the dovetail connection from closer dis-
tance in greater detail, which would bring more infor-
mation on strains in connection parts themselves and
contact (nonlinear) behaviour; b) the strains obtained
around the connections with bigger geometric intoler-
ances should be analysed carefully to avoid errors; c)
obtained displacements are reliable and not negatively
influenced by virtual gages since they are computed
beforehand from pixel moves. Therefore, the chosen
acquisition distance is appropriate for kinematic as-
sessment of the chair and brings a new perspective (2D
data) on furniture testing.
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Figure 3 Vertical displacement field, mm (for image No. 20)
Slika 3. Podru¢je vertikalnog pomaka, mm (za prikaz broj 20)
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Figure 4 Strain field in horizontal direction ()
Slika 4. Podrucje naprezanja u horizontalnom smjeru (e )

Displacement of observed nodal points is shown
by charts in Figures 6 — 11. Ten loading cycles in the
seat and the back are significant in all charts (1 cycle ~
12 images). The following differences in maximum
and minimum values of deviations (displacement) re-
lated to the observed points are of our interest. The
most noticeable displacement was achieved in the hor-
izontal direction (the X axis), especially in P2 point
(the back of the chair). The value achieved was ap-
proximately 6 mm (Figure 7). The displacement shows
that, compared to the other observed parts of the con-
struction, the back of the chair is relatively flexible.
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Figure 5 Strain field in vertical direction (€,)
Slika 5. Podrugje naprezanja u vertikalnom smjeru (e.)
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The result is similar to the outcome obtained by En-
quist (2005) within his research. The second highest
value in the horizontal direction was measured in P3
point (connection of the seat and the back; approxi-
mately 2.6 mm (Figure 8). Nearly the same value of

Displaced points %—x dx mm
e—e dy mm

displacement in both directions was measured in points
P1 (the seat) and P4 (connection of the seat and the
front leg); in the X axis approximately 2.5 mm, in the ¥
axis 1 mm (Figures 6 and 9). The most noticeable dis-
placement in the vertical direction was measured in P6

Displacement of P1, mm

0 5 10 15 20 25 30 35 40 45 50 55 60 65 T0 75 B0 85 90 95 100 105 110 115 120 125 130 135 140

Displacement of P2, mm

Displacement of P3, mm

=2

0 5 10 15 20 25 30 35 40 45 50 55 60 65 T0O 75 B0 85 90 95 100 105 110 115 120 125 130 135 140

Sequence, #

Figures 6 — 8 Charts showing displacement of P1 — P3 points in horizontal and vertical direction (axis X and Y in millimetres)
Slike 6. — 8. Dijagrami pomaka u to¢kama P1 do P3 u horizontalnome i vertikalnom smjeru (osi X'i ¥ u milimetrima)
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Displaced points

#— dx mm
e—e dy mm

Displacement of P4, mm

-2 I I L I I L I
0 5 10 15 20 25 30 35 40 45

L i I L I L i I L I L L L
50 55 60 65 TO 75 B0 &5 90 95 100 105 110 115 120 125 130 135 140

Displacement of P5, mm

u y T T U T T U
0 5 10 15 20 25 30 35 40 45

S0 55 60 65 70 75

80 &5 90 95 100 105 110 115 120 125 130 135 140

Displacement of P6, mm

-2

80 85 90 95 100 105 110 115 120 125 130 135 140

0 5 10 15 20 25 30 35

30 45 S0 55 60 65 70 75

Sequence, #

Figures 9 — 11 Charts showing displacement of P4 — P6 points in horizontal and vertical direction (axis X and Y in millimetres)
Slike 9. — 11. Dijagrami pomaka u tockama od P4 do P6 u horizontalnome i vertikalnom smjeru (osi X'i ¥ u milimetrima)

point (front leg); approximately 1.2 mm (Figure 11).
Considering the position on the fixed pad, the displace-
ment should be considerably lower (similarly as in PS5
point, Figure 10). However, as the flat pack construc-
tion was the subject of the research, the effect was most
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likely caused by a small inaccuracy occurred when the
chair was assembled. One more inaccuracy probably
appeared when the chair was placed into the testing de-
vice — the front legs of the chair were set a bit impre-
cisely. Due to absence of stops at the front legs, dis-
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P,
dx [mm] -2.45
dy [mm] -0.17
d [mm] 2.46
P,
P dx [mm] -0.89
3 dy [mm] -0.51 P
dx [mm] -0.97 d [mm] 1.03 dx“
dy [mm] -0.07 b {:g oy
d 0.97 b
mm] d [mm] 1.27
P, P,
dx [mm] -0.13 dx [mm] -0.71
dy [mm] -0.11 dy [mm] -1.02
d [mm] 0.17 d [mm] 1.24

7

Figure 12 Vectors of displacement of the chosen points
occurred within construction straining (for image No. 20)
Slika 12. Vektori pomaka izabranih to¢aka stolca u kojima
se pojavljuju deformacije konstrukcije

placement in the horizontal direction in P6 point was
higher; approximately 2 mm. The charts offer a possi-
bility of comparing the chosen points of a construction
or similar constructions (e.g. different prototypes of a
product), as well as a possibility of testing the con-
structions durability when the number of cycles reach-
es thousands and fatigue of material and joints often
occurs.

Final vectors of the displacement of all observed
points in the second testing cycle (image No. 20) are
shown in Figure 12. Directions of the vectors are simi-
lar but the obtained values are considerably lower (sev-
en or eight times) than values of vectors measured by
Enquist testing a chair with armrests. It is possible to
say that our chair is stiffer (lower deflections) in bend-
ing than the one tested by Enquist (2005). Different
construction of the chairs explains the difference in
measured values. The chair tested by Enquist (2005)
can be considered as a rod construction (of massive
wood) with mortise and screw joints. The construction
of the chair tested in this research is a plate type (of
plywood) with dovetail joints, which usually reaches
higher values of load capacity and solidity.

4 CONCLUSION
4. ZAKLJUCAK

The results based on measured experimental data
can be summed up as follows:

* The tested chair construction shows the highest dis-
placement in the back;

* The tested chair construction shows the largest
strain in dovetail connections between the back and
the side and between the seat and the side;

* The maximum deviation of the observed surface
was detected in P2 point (the back of the chair);

DRVNA INDUSTRIJA 66 (2) 129-136 (2015)

+ Individual load cycles are recognizable in the charts
of the point displacement;

» The final vectors directions of the tested chair dis-
placement are similar to the chair tested by Enquist
(2005). Values of the final vectors related to the
tested chair are considerably lower than values of
the chair tested by Enquist (2005);

Considering the method applied, it is possible to
say that the DIC can be easily used for and applied to
furniture testing due to its relative simplicity and low
requirements on devices used, undemanding data pro-
cessing and assessment carried out by accredited labo-
ratories or research institutes. Development depart-
ments of furniture making companies can apply the
methodology to increase their competitiveness and in-
novation potential. By means of deeper analysis of
data, it is possible to detect badly dimensioned con-
struction connections or to optimize the construction in
terms of shape or used materials.
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