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Bending Forces at the Proportionality Limit and the
Maximum — Technological Innovations for Better
Performance in Wood Processing Companies
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Knowledge of the force required to overcome deformation at the
proportionality limit, maximum limit, and their ratio, as well as knowledge
of the effect of selected factors on the listed characteristics in bending
stress, have both scientific and practical significance. They form a
foundation for designing tools for bending and determine the stress that
products and their parts can be exposed to during use. This study
analyzes the effect of selected factors on the force at the proportionality
limit (Fg), the force at the maximum limit (Fe), and the ratio of these two
characteristics (Fe/Fp). This study examined the effect of the wood species
(WS) (Fagus sylvatica L. and Populus tremula L.), material thickness (MT)
(4 mm, 6 mm, 10 mm, and 18 mm), degree of densification (DOD) (0%,
10%, and 20%), and the number of cycles (NOC) (0 or 10,000), as well as
their combined interaction, on the monitored characteristics. The results
contribute to the advancement of knowledge necessary for the study and
development of new materials with specific properties for their intended
use. The results can improve the innovative potential of wood processing
companies and increase their performance and competitiveness in the
market.
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INTRODUCTION

If a company is interested in sustaining their business for as long as possible, it is
necessary to realize that innovations drive business and are regarded as an essential tool to
maintain competitiveness. Innovations in relation to the increase of technological process
efficiency guarantee the strategic growth of the company and orient management decisions
towards knowledge that is represented by innovative technologies or products. Today,
companies face high demands that force them to think about how to best optimize
technological processes. Improvement and optimization of production and technological
processes impinge on the end boards, therefore, it is necessary to find the potential for
increasing the efficiency of production processes (Chromjakova and Rajnoha 2009). The
recent research results show the overall conclusion that companies in the Slovak Republic
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wood processing industry that have outstanding performance are strongly focused on
technological innovations (Rajnoha and Lorincova 2015). The authors focused on whether
the firms permanently engaged in an innovation process, because it is not an event or
separate action, and therefore must be controlled systematical. Enterprises cannot afford to
upgrade on a random basis. The research conducted by Chromjakova and Rajnoha (2009)
and Rajnoha and Lorincova (2015) showed that companies reaching higher performance
give focus to strategic indicators as technological innovations.

This article aims to expand the knowledge about the effect of selected factors (wood
species, material thickness, and the number of cycles) on the value of forces that lead to
deformation (bending) in parts under bending moment stress. When a resultant of internal
forces is in the section perpendicular to the longitudinal axis, the authors call this the
bending moment and name it Mo.

=
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Fig. 1. Force affecting the beam under bending stress (Mo - bending moment, C- center)

In terms of loading an object with a certain force, F, the deformation may be a
desirable (bending) or undesirable (furniture, structural components in frames) effect of
loading. It is clear that the amount of force, duration of its effect, type of loaded material,
climatic conditions, and other factors affect the amount of strain- deformation of the
material's properties. The words deformation of the material describe a change in the shape
and size, and depending on the amount of the applied force and the properties of the
material, the change could be temporary (flexible deformation or elastic deformation over
time), or permanent (plastic deformation) depending on the internal resistance of the
material.

All materials deform via the effect of forces, whether they are a result of applied
external stress, internal thermal, or internal moisture stress (Bodig and Jayne 1982;
Wiemann 2010; Gaff et al. 2015a, 2016, 2017).

The force at the proportionality limit of wood is characterized by the limit at which
the wood begins to develop elastic deformation over time and plastic deformation (Mackes
and Lynch 2001). Up to this point, when the wood is loaded by stress that only causes
elastic deformation, it is only elastically stressed. This is the force that can be applied to
the wood with no apparent permanent deformation of its size or shape. In practical terms,
it is the critical force beyond which permanent (desirable or undesirable) changes begin to
form in the product parts.

Each change in the beam subjected to bending is a result of the work that is directly
dependent on the applied force and the resulting deformation (Wagenfuhrer et al. 2006;
Gaff et al. 2015b). In deformation within the maximum limit, the range of external forces
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performing the work changes. The internal forces caused by the deformation are also
moved (Kamke 2006). The potential energy accumulates in an elastically deformed object,
which is converted into work that is consumed to return the object to its original state when
the object is unloaded (Sandberg and Navi 2007; Gaff et al. 2015c; Igaz et al. 2015; Igaz
et al. 2016).

A force beyond the proportionality limit causes the development of elastic
deformation over time and plastic deformation. Their development in relation to the stress
is not linear. The force beyond the proportionality limit to the maximum limit characterizes
the work that is required to mold the object to its breaking point.

The amount of force applied within the elastic and viscoplastic limit reflects the
structure of the material, binding energy, water content, temperature, stress state, load
speed, thickness of beams, and other factors.

It could be said that the force applied in the viscoplastic area is a measure of the
wood's deformation resistance (Schellberg 2012). If low toughness and good plasticity in
wood are able to be achieved, it is easier to deform, bend, and mold it, therefore requiring
less energy for the process.

Based on the knowledge of deformation and the behavior of materials under stress,
the materials can be divided into the following different groups: flexible material, plastic
material, flexible-plastic, fragile, malleable, and tough.

If one wants to describe the mechanical properties of materials, and consider their
further use in products based on the acquired knowledge, a stress-strain or force-
deformation diagram is required. These diagrams are essentially a material's "identity
card,” that allows a number of important characteristics to be identified. The curves in a
stress-strain or force-deformation diagram may vary (Fig. 2). These graphs characterize the
course of the stressed material's resistance to deformation and failure.

The forces and their ratio are also important in describing the material's properties

and in the consideration of their future use.
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Fig. 2. Examples of a force-deformation dlagram; Figures 2a-e represent fictitious models of
stress-strain diagrams; A- fictitious, ideally tough material; B- fictitious, ideally plastic material;
C- linear elastic material; D- linear elastic and ideally plastic behavior without strain hardening;
E- material with linear elastic range and linear plastic strain hardening; and F- real diagram

Based on this information, one can use the ratio of the forces required to reach the
proportionality limit and the maximum limit to make assumptions about the properties of
the materials in their assessment in further processes of the creation of laminated materials
(with specific properties for their intended use).

The ratio of forces during bending depends on all of the properties of the material.
During bending, the wood is forced to deform in a preselected direction, i.e. the character
of the deformation will be forced (Wagenfuhr 2000; Blomberg et al. 2005; Gaff et al.
20154, 2016, 2017; Ruziak et al. 2017).
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Wood is characterized by the fact that its toughness and plasticity are very much
lower than its saturation point (Rajnoha and Lorincova 2015). This means that with a
moisture content at the saturation point one expends several times less energy, thus, less
force is required for deformation, but one still does not achieve the required malleability.
Increased malleability can be achieved by the interaction of water and high temperatures.
Either way, different wood species can behave differently. The significance of evaluating
material properties based on the ratio of forces is shown in Fig. 3. A synergistic effect of
increased moisture and temperature results in a decrease in the forces at the proportionality
limit and at the maximum limit, as well as the relative changes between the two forces
(Pozgaj et al. 1997; Gasparik and Gaff 2015a,b). The wood is less resistant to the effect of
the forces, and it becomes more malleable. Its deformation in the plastic range requires a
much lower force to achieve greater deformation (Fig. 3c, d, e, f) (Fortino et al. 2013).

M4
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Fig. 3. Force-deformation diagram and the effect of moisture content on a) the amount of force at
the maximum limit b) the amount of force at the proportionality limit

Based on the ratio of forces, the materials can be divided into different groups
characterizing their suitability for a specific purpose of use.

Material with a high percentage in the plastic limit means that the plastic
deformation of the material absorbs a large part of the force for its shaping; thus the applied
mechanical energy is expended for plastic deformation of the material. A material with a
high ability to resist stress within plastic deformation is unsuitable for bending from a non-
energy perspective.

The opposite of toughness is fragility. If fragile materials do not deform plastically,
then they are also non-plastic. However, tough materials have good strength and plasticity.
Therefore, fragility is not the complete opposite of toughness.
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Flexibility (elasticity) is a material's ability to deform elastically before it breaks.
In physics terms, elasticity is a change in material that occurs under the effect of mechanical
forces, and which manifests itself by the deformation of its volume.

Plasticity is a material's ability to change its shape in its solid state under external
forces permanently without breaking, i.e. to plastically deform before breaking. The degree
of plasticity under mechanical stress is plastic deformation. The physical nature of
plasticity varies in different materials (wood, metal, macromolecular thermoplastics, etc.).

A frequent cause of the failure of furniture parts is stress by repetitive strain, which
adversely affects the overall durability of the finished products (Bezazi and Scarpa 2007;
Sandberg et al. 2013). The obtained data provides knowledge that can be used to decide
whether the application of a tested material is suitable for its intended purpose of use. These
innovations in relation to increasing process efficiency guarantee decisions towards
gaining knowledge via innovative wood products.

EXPERIMENTAL

Materials

The experiments were conducted on lamellas with a thickness of 4 mm, 6 mm, 10
mm, and 18 mm, a width of 35 mm, and length of 600 mm. The lamellas were made from
beech wood (Fagus sylvatica L.), and the results were compared with results measured in
aspen wood (Populus tremula L.) from the Polana region in Slovakia. The effect of the
degree of densification on the monitored characteristics was assessed by comparing the
measured values (on non-densified specimens) with the values obtained from specimens
that were 10% densified and specimens that were 20% densified of their original thickness
perpendicular to the grain. The effect of cyclic loading was evaluated by comparing the
results that were obtained from specimens before cyclic loading (number of cycles = 0)
and after cyclic loading (number of cycles = 10,000). The samples were conditioned to the
moisture content of 8% in a climate chamber Binder (ED, APT Line II; Tuttlingen,
Germany) at a relative humidity of 40% and temperature of 20 °C.

Methods
Densification of test specimens

Test specimens that were intended for densification were pressed in a hydraulic
press (RK Priufsysteme MFL 1000, Leipzig, Germany). The densification process of each
set of test specimens is shown in Table 1.

Table 1. Compressive Load on Each Set of Test Specimens

Lamella Densification 10% Densification 20%
Thickness
(mm) Beech (kN) Aspen (kN) Beech (kN) Aspen (kN)
4 3550 1080 3950 1500
6 2100 1850 3900 2100
10 3750 2150 4500 2500
18 3650 1720 3680 1800
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Determination of bending strength and modulus of elasticity

After the cyclic loading, the support span was adjusted to Ly = 20 x h (support span
was changed in relation to thickness of material combinations). The samples were bent in
middle-length distance using a universal testing machine FPZ 100 (TIRA, Schalkau,
Germany) in accordance with EN 310 (1993), Eilmann et al. (2014), and ISO 13061-2
(2014). The loading speed was set to 3 mm/min so that the test duration would not exceed
2 min. The maximum breaking forces of samples were measured using the datalogger
ALMEMO 2690-8 (Ahlborn GmbH, Braunschweig, Germany).

Evaluation and Calculation

To determine the influence of the individual factors on the bending characteristics,
an analysis of variance (ANOVA) and the Fischer F-test were performed using Statistica
12 (Statsoft Inc., Tulsa, USA) software.

The wood density was determined before and after testing according to ISO 13061-
1(2014) and Eq. 1,

_m, 1
pw—v ()

w

where pw is the density of the sample at moisture content w (kg/m?3); my is the mass (weight)
of the sample at moisture content w (kg); aw, bw, and lw are dimensions of the sample at
moisture content w (m); and Vu is the volume of the sample at moisture content w (m®).
The moisture content of samples was determined and verified before and after
testing. These calculations were performed according to ISO 13061-1 (2014) and Eq. 2,

M, =M 100

W=
m
’ 2

where w is the moisture content of the samples (%), mw is the mass (weight) of the samples
at moisture content w (kg), and mo is the mass (weight) of the oven-dry samples (kg).
Drying to an oven-dry state was also performed according to EN 310 (1993).

For the conversion between Py and P12, the equation specified in ISO 13061-2
(2014) was employed; this is valid for a moisture content in the range between 7% and
17% (Eq. 3),

B ~ (1-K).(w-12)
P2 = pw[l 100 }

©)

where K is the coefficient of volumetric shrinkage at a humidity change of 1%. For
approximate calculations, K = 0.85 - 10-3. pw was used, where the density is expressed in
(kg/m?3).

The force at the proportionality limit (Fg) by static bending was determined from a
force-deformation diagram specifying a 1% deviation from the linear equation (red dot in
Fig. 1). The force at the maximum limit (Fp) was determined as the force at which the test
specimen failed.

The percentage force ratio was calculated according to Eq. 4,

Fg
Pr =|—=]*100
F (Fp> i

(4)
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Fig. 4. Force-deformation diagram during bend loading

Cyclic bend loading

\C

The cyclic loading was performed on a cycler machine with cyclic bending of the
test pieces using single-axis loading. The following numbers of cycles were selected for
testing: 0 and 10,000. During the preliminary experimental testing, the test pieces were
loaded with static bending to determine the breaking strength and proportionality limit

because the test pieces had to be loaded up to 90% of the proportionality limit.

RESULTS AND DISCUSSION

Table 2 shows the average values of the monitored characteristics, the average
density values measured in individual sets of test specimens, and the corresponding
coefficient of variation.

Table 2. Average Values of Bending Characteristics, Density, and Coefficient of

Variance
Wood Material | Degree of No. of Fe (N) Fe (N) Pr Density

Species | Thickness | Densifica- | Cycles (kg/m3)

(mm) tion (%)

Beech 4 0 0 858 (13.0) | 533 (18.0) | 62 (11.3) | 693 (4.6)
Beech 4 0 10,000 | 869 (13.7) | 596 (24.0) | 69 (23.6) | 680 (9.5)
Beech 4 10 0 828 (21.7) | 486 (21.8) | 59 (10.9) | 725 (8.6)
Beech 4 10 10,000 820 (4.1) 584 (5.4) 71(7.5) | 739 (6.6)
Beech 4 20 0 752 (14.7) | 429 (17.7) | 57(5.6) | 784 (4.0
Beech 4 20 10,000 | 684 (34.3) | 433 (42.2) | 61(14.2) | 766 (4.7)
Beech 6 0 0 978 (4.3) 556 (9.5) 57 (7.3) | 665 (3.4)
Beech 6 0 10,000 |1076 (12.4)| 517 (11.8) | 49 (22.9) | 692 (4.4)
Beech 6 10 0 1028 (5.1) | 562 (9.4) 55(7.9) | 703 (4.8)
Beech 6 10 10,000 |1160 (12.8) | 661 (13.5) | 57(5.9) | 749 (5.0)
Beech 6 20 0 813 (14.2) | 408 (16.3) | 50(6.7) | 751 (5.6)
Beech 6 20 10,000 939 (8.3) 501 (8.7) 53 (7.5) | 750 (5.3)
Beech 10 0 0 1701 (11.2) | 855(9.3) | 51 (12.7) | 694 (4.7)
Beech 10 0 10,000 |1741(13.8) | 1070 (12.9) | 62 (6.1) | 690 (5.8)
Beech 10 10 0 1514 (6.7) | 789 (10.2) | 52 (12.2) | 733(3.7)
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Beech 10 10 10,000 | 1386 (13.4)| 769 (13.5) | 56 (2.4) | 719 (5.6)
Beech 10 20 0 1439 (7.1) | 688 (7.0) | 48(4.0) | 788(3.5)
Beech 10 20 10,000 | 1628 (7.7) | 914 (13.1) | 56 (5.9) | 726 (2.5)
Beech 18 0 0 3182 (11.4) | 1489 (12.7) | 47 (4.8) | 735 (8.1)
Beech 18 0 10,000 | 3115 (7.7) | 1555 (13.0) | 50 (11.1) | 698 (8.2)
Beech 18 10 0 2813 (21.0) | 1351 (19.0) | 48(5.9) | 744 (3.9)
Beech 18 10 10,000 | 2972 (20.9) | 1407 (13.8) | 48 (13.2) | 749 (4.6)
Beech 18 20 0 2739 (12.9) | 1245 (8.3) | 46 (6.5) | 747 (6.8)
Beech 18 20 10,000 | 2883 (13.1)| 1378 (9.7) | 48(7.9) | 757 (8.6)
Aspen 4 0 0 451 (7.9) | 253(20.3) | 56 (13.8) | 400 (4.1)
Aspen 4 0 10,000 | 464 (12.9) | 231(12.0) | 50(5.1) | 416 (8.4)
Aspen 4 10 0 403 (13.7) | 210 (16.8) | 52 (14.7) | 421 (9.3)
Aspen 4 10 10,000 | 398 (15.0) | 227 (39.5) | 57 (37.7) | 404 (3.6)
Aspen 4 20 0 322 (12.8) | 189 (22.3) | 58(10.9) | 488 (5.7)
Aspen 4 20 10,000 | 338(10.7) | 299 (14.0) | 90 (19.0) | 476 (14.1)
Aspen 6 0 0 831 (15.7) | 497 (15.7) | 60 (13.6) | 533 (8.7)
Aspen 6 0 10,000 | 928(8.3) | 568 (24.4) | 61 (20.0) | 539 (4.4)
Aspen 6 10 0 787 (9.9) | 478(19.7) | 60 (13.5) | 557 (6.6)
Aspen 6 10 10,000 | 984 (11.8) | 630 (15.7) | 64 (12.9) | 584 (7.9)
Aspen 6 20 0 778 (15.8) | 459 (13.8) | 60 (19.7) | 620 (9.6)
Aspen 6 20 10,000 | 795 (13.7) | 523 (10.9) | 66 (4.8) | 580 (6.5)
Aspen 10 0 0 1174 (13.2) | 661(7.6) | 57 (14.3) | 528 (4.2)
Aspen 10 0 10,000 | 1146 (22.8) | 675 (24.3) | 60 (21.3) | 536 (8.4)
Aspen 10 10 0 1100 (3.9) | 547 (8.7) | 50 (6.4) | 564 (1.3)
Aspen 10 10 10,000 | 1079 (10.9) | 643 (16.9) | 59 (11.7) | 560 (5.8)
Aspen 10 20 0 995 (6.6) | 512 (10.9) | 52(9.5) | 604 (1.8)
Aspen 10 20 10,000 | 1185 (17.3)| 697 (16.6) | 59 (11.2) | 628 (13.9)
Aspen 18 0 0 1849 (23.0) | 929 (21.5) | 50 (9.9) | 529 (2.1)
Aspen 18 0 10,000 | 2194 (17.4) | 1118 (18.3) | 51 (5.3) | 519 (12.7)
Aspen 18 10 0 2070 (16.7) | 1033 (12.6) | 50 (9.3) | 568 (4.8)
Aspen 18 10 10,000 | 2318 (11.5) | 1104 (10.2) | 48 (6.5) | 581 (4.0)
Aspen 18 20 0 1945 (13.8) | 934 (16.6) | 48(3.9) | 589 (7.0)
Aspen 18 20 10,000 | 1912 (13.9)| 996 (10.1) | 52(9.0) | 594 (6.2)

Values in parentheses are coefficients of variation (CV) in %

Force at the Proportionality Limit and Force at the Maximum limit

Based on the significance level, P, shown in Tables 3 and 4, it can be concluded

that all of the monitored factors could be considered to have a significant effect on both the
force at the proportionality limit (Table 3) and the force at the maximum limit (Table 4).
The synergistic effect of the interaction of all monitored factors was shown to have a
significant effect on both monitored characteristics (Tables 3 and 5). Also, multi-factor
interactions can be considered to be significant, such as WS * MT, WS * DOD, DOD *
MT, in assessing the proportionality limit. In the event of force characteristics at the
maximum limit, a significant effect was manifested only by the interacting factors WS *
MT. Other interactions could not be considered significant. The respective model explained
roughly 92% of the total sum of squares (variance of the data) at the proportionality limit.
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Table 3. Statistical Evaluation of the Effect of Factors and their Interaction on the
Force at the Proportionality Limit

. Sum of Degree of . Fisher's | Significance
Monitored Factor Squares Freedom Variance F- Test Level P
Intercept 121789589 1 121789589 | 9050.818 e
1) Wood Species 2993878 1 2993878 222.491 e
2) Material Thickness 23906915 3 7968972 592.216 e
3) Degree of Densification 353960 2 176980 13.152 o
4) Number of Cycles 417515 1 417515 31.028 o
WS * MT 1127435 3 375812 27.929 e
WS *DOD 115081 2 57540 4.276 e
MT * DOD 193061 6 32177 2.391 e
WS * NC 19 1 19 0.001 NS
MT * NC 45931 3 15310 1.138 NS
DOD *NC 20341 2 10170 0.756 NS
WS *MT *DOD 102220 6 17037 1.266 NS
WS * MT * NC 17645 3 5882 0.437 NS
WS * DOD * NC 4426 2 2213 0.164 NS
MT *DOD * NC 94851 6 15809 1.175 NS
1*2*3*4 123636 6 20606 1.531 NS
Error 2583590 192 13456 - -

NS- not significant, ***- significant at p<0.005

The results of Duncan's test (Table 4) showed a significant effect of the wood
species (P = 0.001), material thickness (P = 0.001), and number of cycles (P = 0.001) at all
monitored levels. As the degree of densification increased, its effect on the values of the
monitored characteristic also increased. At 10% densification the level of significance was
P =0.34, and at 20% densification the level of significance was P = 0.001.

Table 4. Comparison of the Effects of individual factors using Duncan Test on
the force at the proportionality limit

Wood Species

1)

(2)

824.05 600.67
1 Beech - 0.000
2 Aspen 0.000 -
Degree of Densification (1) (2) 3)
(%) 756.49 717.71 662.88
1 0 - 0.034 0.000
2 10 0.034 - 0.003
3 20 0.000 0.003 -
; : 1) (2) (3) (4)
Material Thickness (mm) | 57553 530.16 735.15 1211.6
1 4 - 0.000 0.000 0.000
2 6 0.000 - 0.000 0.000
3 10 0.000 0.000 - 0.000
4 18 0.000 0.000 0.000 -
(1) (2)
Number of Cycles 670.65 75407
1 0 - 0.000
2 10000 0.000 -
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The respective model explained roughly 94% of the total sum of squares on the
force at the maximum limit (Table 5).

Table 5. Statistical Evaluation of the Effect of Factors and their Interaction on the
Force at the Maximum limit

. Sum of Degree of . Fisher's | Significance
Monitored Factor Squares Freedom Variance F- Test Level P
Intercept 431558341 1 431558341 | 8474.607 ok
1) Wood Species 13721160 1 13721160 269.445 ok
2) Material Thickness 123943754 3 41314585 811.304 i
3) Degree of Densification 927225 2 463612 9.104 NS
4) Number of Cycles 288645 1 288645 5.668 NS
WS * MT 4420718 3 1473573 28.937 il
WS *DOD 210420 2 105210 2.066 NS
MT * DOD 377538 6 62923 1.236 NS
WS * NC 17419 1 17419 0.342 NS
MT * NC 186006 3 62002 1.218 NS
DOD * NC 1009 2 505 0.010 NS
WS *MT *DOD 390677 6 65113 1.279 NS
WS * MT * NC 31351 3 10450 0.205 NS
WS * DOD * NC 54361 2 27181 0.534 NS
MT * DOD * NC 263296 6 43883 0.862 NS
1*2*3*4 206355 6 34393 0.675 NS
Error 9777350 192 50924

NS- not significant, ***- significant at p<0.005

The results of Duncan's test (Table 6) showed a significant effect of all the
monitored factors with a significance level of P =0.001, with the exception of a 10% degree
of densification, in which the significance level was P = 0.116.

Table 6. Comparison of the Effects of Individual Factors using Duncan Test on
the Force at the Maximum limit

Wood Species

(1)

(2)

1580.1 1101.8
1 Beech - 0.000
2 Aspen 0.000 -
Degree of Densification Q) (2 3)
(%) 1409.9 1353.8 1259.2
1 0 - 0.116 0.000
2 10 0.116 - 0.008
3 20 0.000 0.008 -
; : 1) (2) (3) (4)
Material Thickness (mm) | gog'93 | goag7 | 13406 | 2499.4
1 4 - 0.000 0.000 0.000
2 6 0.000 - 0.000 0.000
3 10 0.000 0.000 - 0.000
4 18 0.000 0.000 0.000 -
1) 2)
Number of Cycles 1306.3 0.017
1 0 - 0.017
2 10000 0.017 -
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The average force at the proportionality limit was 38.3% (830 N) higher in beech
wood than in aspen wood (600 N). In the case of the force at the maximum limit, the value
43.2% (15 900 N) was measured, which is higher in beech wood than in aspen wood (11100
N) (Fig. 5). These higher values of the forces measured in beech wood were the result of
the effect of the wood structure and density. The average density of the beech wood (728
kg/m®) was 36.3% higher than that of aspen wood (534 kg/m®) (Table 2). The findings
given above corresponded with the results of multiple authors who reported that increased
density results in higher values of the mechanical properties, and therefore higher force
under stress, which corresponds with the results of the work of (Gaff et al. 2015a; 2017).

A significant effect of the material thickness on the force at the proportionality limit
and the force at the maximum limit was evident from the results shown in Fig. 6. Based on
knowledge about the stress, which was defined by a proportion of the force "F" per surface
unit, it was evident that the observed increase in the value of forces at the proportionality
limit and at the maximum limit was due to a larger surface area. Percentage changes in the
measured forces and surface area changes at various thicknesses of specimens are shown
in Table 7.

Table 7. Average Parameter Values of the Bent Specimens

%
Surface Width Increase % %
h (mm) Fe (N) Fe (N) Area (mm) in Increase | Increase
(mm?) Surface | inFg in Fp
Area
390 610 140 35 - - -
6 530 920 210 35 33.3 26.4 33.7
10 750 1350 350 35 40.0 29.3 31.9
18 1220 2500 630 35 44.4 38.5 46.0
1800 2600
1700
2400
1600 2200
1500 2000
1400 1 1800
1300 = 1600
< 1200 1 \Z-’ 1400
I 1100 1 - 1200
1000 1000
900 1 800 —
800 4 600 *
700 1 400
iz 20 4 6 10 18
Beech Aspen Material thickness (mm)

WS § Fe =Fp T Fe T Fe
Fig. 5. Effect of the wood species on the
force at the proportionality limit and maximum
limit

Fig. 6. Effect of the material thickness on the
force at the proportionality limit and maximum
limit
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The effect of the degree of densification of individual lamellas resulted in a
decrease in the values of forces measured at the proportionality limit and at the maximum
limit (Fig. 7). Although that decrease was not statistically significant, the authors will
conduct further research on this phenomenon in the future and examine the effect of higher
degrees of densification.

Cyclic loading caused the values of the forces measured at the proportionality limit
and at the maximum limit to increase (Fig. 8). While this increase was not statistically
significant at the monitored level of significance, the results of this work focused on
assessing the limit of proportionality, which indicated cyclic loading may have resulted in
an increase in values characterizing the limit of proportionality. Cyclic loading caused the
development of plastic deformation, which resulted in a reduction in the non-linear region.
Due to the loosening of bonds (caused by cyclic loading) between the components of lignin
and cellulose, which form the main component of the wood's strength, the maximum limit
values increased (Pozgaj et al. 1997; Higashihara et al. 2000; Yamashita et al. 2009). It
could be said that the elasticity of the material increased with bending. It was likely that
the monitored number of loading cycles exceeded the fatigue strength limit at a
submicroscopic level.

1700 1600
1600 1500
1500
1400
1400 —
1300 l }“*\1” 1300
1200 1200
1100 £ 1100
1000 L
900 1000
800 }7 900
700 \\\*%\
800
600 \‘I
500 700
0 10 20 600
Degree of densification (%) —— Fg 0 10000
—— Fp Number of cycles —f Fg —+ Fp
Fig. 7. Effect of the degree of densification Fig. 8. Effect of the number of cycles on the
on the force at the proportionality limit and force at the proportionality limit and
maximum limit maximum limit

The synergistic effect of all the monitored factors on the force at the proportionality
limit is shown in Figs. 9 and 10. The results indicated that the material thickness had the
most significant effect on the monitored characteristic; a significant effect of the degree of
densification was also observed.
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—INumber of cycles: 0 ~INumber of cycles: 10000
1800 1800
il = Thickness 4 mm
1600 = Thickness 4 mm 1600 —% Thickness 6 mm
. —— Thickness 6 mm ] —f= Thickness 10 mm
1400 : 4= Thickness 10 mm 1 1400 — Thickness 18 mm
= Thickness 18 mm
1200 ’J 1200
= /Z\ —
£ 1000 - £ 1000 %
L o 1 i1}
L 800 I{ - L goo

600 - R 600 4]
— 'F”*%L”{{ 400 Jﬁ>

400 1
200 s ! 200 ‘F%/‘I
DOD (%): 10 DOD (%) 10 0 DOD (%): 10 DOD (%): 10
0 20 0 20 0 20 0 20
Beech Aspen Beech Aspen
Fig. 9. Synergistic effect of the studied factors Fig. 10. Synergistic effect of the studied factors
on the force at the proportionality limit on the force at the proportionality limit

The synergistic effect of all four monitored factors on the force at the maximum
limit is shown in Figs. 11 and 12. As was the case in the force at the proportionality limit,
the material thickness and cyclic loading had the most significant effect.

—{Number of cycles: 0 ~Number of cycles: 10000

3900 3900
3600 ) 3600 — Thickness 4 mm
3300 % 1R:§ER:§: g mm 3300 = Thickness 6 mm
3000 = Thickness 10 mm _— L Thickness 10 mm
= Thickness 18 mm 3000 —f= Thickness 18 mm
2700 2700
__ 2400 ___ 2400 =
£ 2100 i — Z 2100 —
> 1800 [ \* 1800 1\ ‘
1500 {{ { 1500 \\%//%
1200 o . 1200 {\ - }
- S i — S S
900 {?;::Titﬁ — a 900 { - i‘ﬁ\
600 ——1 600 = 1
300 i\i\‘l 300 ‘}\i\{
0
DOD (%): 10 DOD (%) 10 . o)
0 - 0 20 DOD (%) o 10 - DOD (%) 0 10 20
Beech Aspen Beech Aspen
Fig. 11. Synergistic effect of the studied Fig. 12. Synergistic effect of the studied
factors on the force at the maximum limit factors on the force at the maximum limit

Ratio of the Force at the Proportionality Limit and at the Maximum limit

The ratio of the force at the proportionality limit and the force at the maximum limit
was significantly affected by each of the observed factors, except for the degree of
densification, which was shown to be insignificant (Table 8). The synergistic effect of all
the monitored factors was considered significant based on the results of the level of
significance "P." The respective model explained roughly 57% of the total sum of squares
of their interaction on the force ratio.
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Table 8. Statistical Evaluation of Factors and the Effect of their Interaction on the

Force Ratio
. Sum of Degree of . Fisher's | Significance
Monitored Factor Squares Freedom Variance F- Test Level P

Intercept 750011.8 1 750011.8 13085.97 ok

1) Wood Species 373.9 1 373.9 6.52 ok

2) Material Thickness 5299.1 3 1766.4 30.82 ok

3) Degree of Densification 47.7 2 23,9 0.42 NS

4) Number of Cycles 1313.7 1 1313.7 22.92 ok

WS * MT 970.1 3 3234 5.64 ok

WS *DOD 1008.1 2 504.1 8.79 ok

MT * DOD 803.9 6 134.0 2.34 il

WS * NC 18.5 1 18.5 0.32 NS

MT * NC 689.5 3 229.8 4.01 il

DOD * NC 500.7 2 250.4 4.37 il

WS *MT *DOD 1490.3 6 248.4 4.33 il

WS * MT * NC 66.2 3 22.1 0.39 NS

WS * DOD * NC 378.8 2 189.4 3.30 il

MT * DOD * NC 482.8 6 80.5 1.40 NS

1*2*3*4 1034.7 6 172.4 3.01 NS

Error 11004.3 192 57.3 - -

NS- not significant, ***- significant at p<0.005

The results of Duncan's test (Table 9) showed a significant effect of the wood
species with a significance level of P = 0.011; the number of cycles and material thickness
had a significance level of P = 0.001. The results further showed that neither of the
monitored degrees of densification had an effect on the force ratio (10% - P = 0.841, 20%

- P =0.502).

Table 9. Comparison of the Effects of Individual Factors using Duncan Test on
the Values of the Force Ratio

- (1) ()
Wood Species 54.654 57.150
1 Beech - 0.011
2 Aspen 0.011 -
Degree of Densification (1) (2) 3)
(%) 55.714 55.475 56.517
1 0 - 0.841 0.502
2 10 0.841 - 0.416
3 20 0.502 0.416 -
; : 1) (2) () (4)
Material Thickness (mm) | g,"g4g 57.765 55.080 48.915
1 4 - 0.003 0.000 0.000
2 6 0.003 - 0.052 0.000
3 10 0.000 0.052 - 0.000
4 18 0.000 0.000 0.000 -
1) (2)
Number of Cycles 53 563 58 249
1 0 - 0.000
2 10000 0.000 -
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The results given in Fig. 13 show that aspen wood can be regarded as a material
with a lower toughness than beechwood. A 4.6% higher force ratio was measured in aspen
wood (54.6%) than in beechwood (57.2%).

Increased material thickness resulted in a significant increase in the forces required
for deformation in the viscoplastic region (Fig. 14). The results showed that the toughness
of the material increased with the thickness of the material, and its flexibility significantly

decreased.
68

60
66
59 64
58 62
57 __ 60
< o
S 56 s %
L L 56
a o
55 54
52
54
50
53 48
52 46
Beech Aspen 4 6 10 18
Wood species Material thickness (mm)

Fig. 13. The effect of the wood species on the Fig. 14. The effect of the material thickness on
force ratio the force ratio

The degree of densification within the monitored range of densification had a
statistically insignificant effect on the force ratio (Fig. 15), which was confirmed by the
probability results shown in Table 6.

Cyclic loading caused a statistically significant increase in the ratio of the force at
the proportional limit and the force at the maximum limit (Fig. 16). In specimens subjected
to cyclic loading (58.2%), 4.7% higher values were measured than in specimens that were
not subjected to cyclic loading (53.5%). It was believed that cyclic loading caused the
development of plastic deformation, which resulted in a reduction in the non-linear region.
The toughness of the monitored material decreased due to a loosening of hydrogen bonds
at a microscopic level.

60 62
61
59
60
58 - 59
57 T 58
§ L ;\3 57
= 56 -
o — a %
55 55
54
54
—+ 1 53
52 ° 10 20 5t 0 10000
Degree of densification (%) Number of cycles
Fig. 15. The effect of the degree of Fig. 16. The effect of the number of cycles on
densification on the force ratio the force ratio
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The synergistic effect of all the monitored factors on the percentual force ratio
during woodworking is shown in Figs. 17 and 18. Based on these results, it can be
concluded that the material thickness had the greatest effect on changes in the monitored
characteristic, followed by cyclic loading, and the wood species, which were confirmed by
the F-test shown in Table 6.

120 —{Number of cycles: 0 120 ANumber of cycles: 10000
110 | = Thickness 4 mm 110 —— ¥E!Cmess 4 mm
— Thickness 6 mm = Thickness 6 mm
100 = Thickness 10 mm 100 % $E!cmess ig mm
i ickness mm
20 — Thickness 18 mm %

80
70

80
70
60

Pe (%)

60

50 25 I 50

40 40

30 30

20 DOD (%): 10 DOD (%): 10 0 DOD (%) 10 DOD (%). 10
0 20 0 20 0 20 0 20
Beech Aspen Beech Aspen

Fig. 17. Synergistic effect of the studied
factors on the force ratio

Fig. 18. Synergistic effect of the studied
factors on the force ratio

Correlation Analysis

The degree of dependence between the force at the proportionality limit and the
force at the maximum limit was 95% (Table 10). This suggested a close degree of
dependence between the monitored characteristics.

The level of significance of the force ratio and the force at the proportionality limit
was only 21%, while the degree of dependence between the force ratio and the force at the
proportionality limit was 46%. This indicated that the proportionality limit had an
insignificant effect on the force ratio, while the maximum limit had a very significant effect
on this characteristic.

Table 10. Spearman'’s Correlation

Variable Fe (mm) Fep (mm) Fe:Fp(mm)

Fe (mm) 1.000 0.946 -0.211

Fep (mm) 0.946 1.000 -0.464
Fe:Fp (mm) -0.211 -0.464 1.000
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Fig. 19. Correlation matrix of the degree of dependence of the monitored characteristics

Future Effects of the Monitored Bending Characteristics on the Costs of the
Innovated Technological Process and Product

From a management and economic point of view, the monitored characteristics, the
force at the proportionality limit Fg, and the force at the maximum limit Fp in bending
stress can be expected to affect the costs of the innovated technological process and product
in the design of tools intended for the technological bending process.

Monitored properties and statistically validated correlations would also affect the
resulting technological process, its changes, and the total costs associated with the
technological bending process, such as depreciation of equipment, energy consumption,
and other overhead costs associated with the technological tools used.

Conversely, the degree of densification as a quantity that has no significant effect
on the final bending properties could be neutral in terms of future costs.

One will only be able to explicitly determine the overall changes in costs after the
application of the results of this research and their use in future product innovation and
innovation of the technological bending process. With the right combination of parameters,
product innovation can be achieved in the future at lower costs, while maintaining their
original structural properties, and ensuring the required product quality. The authors plan
to follow these innovation objectives in their next research.

CONCLUSIONS

1. By applying a method based on the evaluation of the force ratio, the properties of a
material were evaluated, with emphasis on its future use and its properties under stress.
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2. The values of both monitored forces were significantly lower in aspen wood than in
beech wood. Both monitored characteristics were significantly affected by an increase
in surface area, as a result of which both characteristics increased significantly.

3. The toughness of the materials tested was significantly affected by cyclic loading, as a
result of which the toughness of the material decreased; as the surface area increased,
the toughness also increased.

4. The force ratio was largely influenced by the force at the maximum limit (46%),
whereas the effect of the force at the proportionality limit was 21%. As the force at the
maximum limit increased, the force ratio decreased.

5. The critical characteristics that would affect the costs of the future technological
process and the resulting innovated product include the wood species, material
thickness, and number of cycles, in its practical use.

6. With an optimal combination of these parameters in the innovation of the technological
process and structural design of the product, lower costs and better economic
parameters in the future would be able to be achieved.
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