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Abstract

:

The purpose of this paper is to propose a method for testing the effect of varying the kerfing parameters, on the flexibilization of plywood panels for indoor applications. The evaluation was made by comparisons of the change in the MOE, MOR, and maximum deflection, between flexibilized and non-flexibilized specimens subjected to static bending tests based on EN 310. In order to prevent the problem of sliding from the supports occurring for the flexibilized specimens, the standard specimens were modified by adding a frame and subjecting to bending just their central rail. Framed specimens of poplar plywood, of 8 mm thick, were laser cut with a rigid central rail, taken as reference and with the flexible kerfed rail. These had lengths of the flexible area of 50, 70, 90, and 110 mm and with two dimensions of the kerfing pitch, 6 and 10 mm. Very good correlations were found for MOE, MOR, and maximum deflection with the length of the kerfed area, for both values of the kerf pitch, which proves the sensitivity of the proposed method to the changes in the input parameters. The method could further serve to mathematically model the flexibility of a kerfed plywood panel by selecting the appropriate input data.
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1. Introduction


In furniture design, there has always been a great appeal to curved surfaces, but wood and wood-based materials are rather stiff materials if they are not plasticized. Saw kerfing, on one side, is one of the known solutions for bending large wooden panels, with radius limitations given by the material type and thickness and of the distance between cuts [1]. More recent trends in design seem to look for a higher material flexibility by using a cut-through kerfing pattern, which can transform a planar 2D stiff and thick panel (plywood; MDF) into a flexible 3D shape, bent in one or more directions [2,3,4]. Material is removed in a specific controlled pattern in order to make it locally more flexible, so that bending can be done [5]. While the cut-through kerfing was mostly used and experimented on in architectural works, its use and research in furniture is new. Architects and designers have experimented with a wide variety of cut patterns and demonstrated that some specific cut patterns, such as spirals, generate a significant amount of flexibility [6]. A super flexible plywood was obtained by Ivanišević [7] when inventing a meander pattern. However, the straight line kerfing is the most common pattern that has been applied to structures [5]. This simple pattern of kerfing is indicated when bending is required in only one direction [8], and this makes it applicable for furniture’s simple bent panels, providing the process is well understood [9,10].



Due to the versatility of the shapes created by bending using the kerfing method, different types of freeform structures were developed for architectural purposes [8], for furniture [2], for lamps [11], and for other miscellaneous purposes, such as shape-changing interfaces [12] and indoor acoustics [4]. Besides its many advantages, such as easiness and fast production time, this bending technique is mostly recommended for interior applications because of its low structural resistance [5]. While the kerfing technique promotes flexible surfaces, it generally reduces the load-carrying ability of the panels, so that a balance between flexibility and load bearing should be considered [3].



A number of researchers have looked into observing the impact of kerfing variables and material characteristics upon material curvature and flexibility, and employed direct practical experimentation or various self-designed testing methods supplemented or not by finite element analysis.



Güzelci et al. [13] experimented on cardboard models, 1–2 mm thick and kerfed with a laser, in order to observe the influence factors upon planar structures’ flexibility. They measured the behavior in bending when one end of the samples was fixed and the other end was bent. The influence of the material thickness, of the type, size, and frequency of the kerfing pattern upon the bending angle was studied.



Greenberg and Körner [14] investigated the behavior in practical bending of a plywood pavilion structure flexibilized by kerfing with a CNC router, and examined the reasons for local structure failure. Finite element analysis was employed in order to observe the local material stiffness as relate to the cutting geometry in the plywood structure. The authors underlined the need for further studies in order to understand the relationship between material stiffness and curvature with some parameters, such as: material, structural requirements, kerfing length, kerfing pattern, and distance between cuts (kerfing pitch).



Kalantar and Borhani [8] included thin sheets of plywood in an architectural experiment with double-curved surfaces obtained by complex kerfing. They stated, citing the work of Zarrinmehr et al. [6], that by utilizing multiple kerfing-line angles, it is possible to bend the sheet into a wide variety of complex shapes, while a variation of the local kerfing parameters would modify the local stiffness in order to obtain the shape desired. They also noticed an increase in the kerfing pattern density, which means a reduction of the uncut sections size can increase the material flexibility. However, if the cuts are too close, the material becomes frail and can break and if the cuts are too far apart, the material becomes too stiff and can break in bending. In this sense, [11] recommends that minimum-cut widths be no smaller than the corresponding thickness of the material.



Another remark of Kalantar and Borhani [8] states that the thinner and lengthier the cut areas are, the more pliable the material is, but only to a limit which must be known. The material plays an important role because it influences the behavior in bending, the value of the minimum radius of curvature, and panel stiffness. In case of wood and plywood, a factor of influence is also the orientation of the kerfing lines, if they are parallel or perpendicular to the grain. They concluded that it is important to predict, in the case of kerfed structures and a desired curvature, the maximum deformation before fracturing as well as the maximum resistance to breakage.



Chen et al. [3] studied the effect of two kerfing patterns and of different laser cutting densities on 3 mm thick MDF samples. The samples were unit-patterns, subjected, in a custom-built mechanical testing system, to stretching, bending, and twisting. A bending test, using the same custom built testing equipment, was also performed on an MDF panel, where the sides of the panel were rigidly clamped, while a bending rod pressed the panel in the center. The results showed that higher density cuts lead to more flexible but lower-load bearing panels.



Kalama et al. [5] studied the bendability of plywood kerfed by laser with different cutting patterns and kerfing densities (kerfing pitch values). For bending, the 100 × 100 mm specimens had both sides fixed, while weights of different values in kg were centrally applied to determine the maximum load to fracture. Some of the specimens were elongated during this process. The specimens were photographed during maximum bending in order to determine their minimum radius at breakage. The conclusion was that the bendability depends on the material, its thickness, and the kerfing orientation with regard to wood grain, as well on the kerfing parameters (pattern type and complexity, pattern density, and the pattern lines length and their alignment).



In conclusion, in order to obtain a specific curvature, understanding the behavior of the kerfed material is necessary. Although there have been several studies on utilizing the kerfing method to create flexible structures, a systematic investigation regarding the effect of varying the kerfing parameters on the flexibilization of plywood panels, especially in kerfing using linear patterns, is still lacking. There are no specific guidelines with regard to which kerfing parameters should be used for a targeted panel flexibility.



The purpose of this paper is to propose a method for testing the effect of varying the kerfing parameters on the flexibilization of poplar plywood panels cut with a laser for indoor applications, such as furniture. Two kerfing parameters are taken in the analysis: the kerfing pitch and the kerfing length. A straight cut-through kerfing pattern is used for simple bending. The panel’s comparative behavior is studied in static bending, with a modified geometry of the test specimens, derived from the standard.




2. Materials and Methods


The testing material was poplar plywood, 8 mm thick, with 5 layers, a quality of AB/BB (corresponding to I/III from EN 635-2 [15]), and with a density of 0.456 kg/m3. It was purchased from the available market (Holver, Romania) and conditioned by storage in the working laboratory to a 7% moisture content. Two sheets of plywood with dimensions of 1500 × 1500 (mm) were used for cutting the testing samples.



The laser equipment was a CO2 laser (model 1610LP with RDWorks software, version V8.01.50), imported from China by WoodIQ, Comănești, Romania, and it provided a working surface of 1000 × 1600 mm. The laser has a wavelength of 10.6 μm, a 90 mm lens focal length, and a maximum output power of 180 W. All types of specimens used in this research were cut with a laser, using a scanning speed of 6 mm/s and at a power of 124.2 W (69% of the maximum power).



The specimen’s length coincided with the surface veneer grain direction. The test specimens prepared for static bending were of four categories as follows:




	
A standard specimen, which complied with EN 310 [16] requirements. The dimensions for testing plywood at 8 mm thick were 210 × 50 × 8 (mm), for a distance of 160 mm between the testing supports (20 times the panel thickness). It was referred as “standard” (Figure 1a).



	
A specimen derived from standard EN 310 [16], where dimensional recommendations were preserved (210 × 50 × 8 mm), but the sample was flexibilized in the central zone by kerfing with a laser at a 10 mm model pitch and on a 50 mm length (app. 30% of the distance between the testing supports). This was referred as “simple flexible sample” with a code indicating the pitch and flexibilization length: 10/50 (Figure 1b).



	
A modified specimen, derived from the standard test sample, to which a frame was added so that only the middle element/rail was subjected to bending. Frame dimensions were: 350 × 150 mm. The dimensions of the middle rail were 250 × 50 × 8 (mm), tested at a distance of 160 mm between the testing supports. It was referred as “framed rigid” or “reference” (Figure 1c).



	
The modified specimens, to which a frame was added, as above, where the standard middle rail respected the standard dimensions, but the inner rail was flexibilized, similar to the “simple flexible sample”. The kerfing was made on different lengths: 50, 70, 90, and 110 mm (corresponding to a range from app. 30 to 70% of the distance between the testing supports). This type of specimen is referred as “framed flexible sample”, having a code related to the combination of model pitch and flexibilization length: 6/50, 6/70. 6/90. 6/110, 10/50, 10/70, 10/90, and 10/110 (Figure 1d and Figure 2).








The framed specimens were designed in such a way that the testing supports did not touch the outer frame, and neither did the load cell. In order to prevent the engagement in the bending test of the specimen frame, a length of 250 mm of the central rail and a gap of 20 mm (Figure 1c,d and Figure 3) from the frame elements, were found suitable.



The four types of specimens were meant to:




	
Test and compare the effect of using a framed specimen with a rigid inner rail, instead of a classic standard specimen.



	
Test the effect of kerfing the simple sample in comparison with the standard and with framed flexible ones.



	
From the above, decide upon the selection of the most appropriate testing samples, capable to sense the effect of changing the flexibilization variables



	
Testing the effect of flexibilization variables in static bending: model pitch (6 and 10 mm) and flexibilization length (50, 70, 90, and 110 mm).








The kerfing pattern selected for flexibilization was inspired from a model called “Straight”; it was chosen from the templates of an open design library, namely Obrary, licensed by CC-BY-SA (Creative Commons Attribution ShareAlike 4.0) [17]. “Straight” is the most common flexibility pattern and is based on straight lines repeatedly interleaved and cut at a certain distance, called pitch. The pitch is the distance between two straight lines placed at the same level and having the same length. The kerfing dimensional details are represented in Figure 4, for a flexibilization length of 50 mm and a kerfing pitch of 10 mm. The kerfing design used for the 6 mm kerfing pitch differed only in the frequency of cuts. It must be noted that kerfing lines were perpendicular to the grain of the outer veneer layers.



A universal testing machine, Zwick Roell Z10, produced by Zwick GmbH & Co., Ulm, Germany, with a 10 kN nominal test load, was used for the bending tests. The load was applied at a constant speed of 20 mm/min for the flexible samples and of 6 mm/min for those that were non-flexibilized. A higher testing speed for the flexible samples was considered necessary in order to reduce the long test duration. This decision was encouraged by previous tests, which have shown that measured parameters were not affected by reducing the test duration. Data were acquired and evaluated with testXpert® II software, version V5.20/2012. The software records the pairs load (N) deflection (mm) for the standard reference moments: 10% (F1, a1), 40% (F2, a2), and 100% (Fmax, aFmax) of the maximum load and at the moment of break (Fbreak, aFbreak). It calculates the values of the MOE (Em) and MOR (fm) by following the EN 310 instructions (1) and (2).


   E m  =    l 1 3   (   F 2  −  F 1   )    4   bt  3   (   a 2  −  a 1   )     



(1)




where:



Em—the modulus of elasticity (N/mm2),



l1—the distance between the centers of the supports (mm),



b—the width of the test specimen (mm),



t—the thickness of the test specimen (mm),



F2 − F1—the increment of load on the straight-line portion of the load-deflection curve (N). According to EN 310 [16], F1 was approximately 10% and F2 was 40% of the maximum load.



a2 − a1—the increment of deflection at the mid-length of the test specimen (corresponding to F2 − F1).


   f m  =   3  F  max    l 1    2   bt  2     



(2)







fm—the bending strength (N/mm2);



Fmax—the maximum load (N).



Generally, a number of 3–4 specimens were tested from each sample category and a mean value and standard deviation were calculated for each bending result. The MOE, MOR, and maximum deflection were analyzed in absolute values and percentage increase/decrease as relating to established references. Microscopic images were captured with a stereo-microscope, NIKON SMZ 18-LOT2 (Nikon Corporation, Tokyo, Japan) in order to examine the specimen’s failure and visualize the effect of the laser on plywood.




3. Results


3.1. Microscopic Examination


Figure 5 captures the stratified edge of a simple flexible test specimen, which was longitudinally cut by laser. The dark line represents the transversal kerfing. It can be observed that the laser affected the veneer layers in a different way as a function of their orientation. In the cross section, the laser seems to highlight all types of wood’s anatomical cells (fibers, vessels, and rays). The surface looks clean, with some molten material being visible inside the vessel’s cavities. However, longitudinal to the grain, wood looks carbonized; the wood anatomy is not identifiable with the exception of some vessels’ cavities being filled with molten material. The transversal kerfing showed a similar interesting phenomenon: when cutting along the grain, laser ablation was more pronounced than across the grain, and this appears as a difference in the kerfing width. The above behavior may be caused by the different thermal conductivity as related to the wood grain and heat direction of propagation. The less conductive direction, such as perpendicular to the grain, seems to transmit heat at a lower rate, increasing the occurrence of local carbonization and volatilization, and deepening the wood ablation.




3.2. Comparisons between Types of Test Specimens: Standard, Simple Flexible, and Framed Flexible


The tests in the EN 310 [16] are meant to give information about the performance of samples, which sit stable on the supports. However, the simple flexible samples were very flexible and tended to fall between the supports at high deflections. The deflection of the simple flexible samples was much higher in comparison to the standard and framed specimens (Table 1), and breakage eventually took place in the kerfed area. Past tests have shown that flexibilized simple samples, with a flexible length longer than 30% of the supporting distance, slide completely from the supports. Breakage does not occur and testing data are not recorded, which makes any comparisons impossible. EN 310 [16] gives a recommendation in case deflection of the test piece is large but failure does not occur, suggesting that the distance between supports shall be reduced. In a previous series of tests, this standard recommendation was tested and the distance between supports was reduced to 120 mm, but elements flexibilized to 40–70% of the supporting distance failed the test. It was anticipated that future testing on panels thinner than 8 mm will cause even more problems. EN 310 [16] also specifies: “plywood test pieces shall be free of visible strength-reducing characteristics”. Obviously, the kerfed samples were not. It was concluded that the method using the simple flexible specimens, directly derived from standard, is not suitable for the purpose of our research, and a more robust method is needed that will work for any flexibilization variable intended, for example panel thickness, species, kerfing pattern, model pitch, length of flexibilization, and panel type (plywood, MDF, others).



Instead, frame-type specimens prevented the slip of the tested middle element from the equipment supports, which seems promising for managing the tests with different flexibilization variables, and therefore, they were preferred for this purpose.



Figure 6 shows the failure of specimens. For all types of specimens, failure began from the side in tension. The outer layer of veneer broke as a result of tensile stresses, then the stresses continued to propagate causing longitudinal share failure, resembling a “simple tension failure” [18], for standard specimens in Figure 6a,b. The same aspect was visible for frame rigid specimens. The simple flexible specimens failed, after a long deflection, in the central part of the sample, which was frailed by kerfing (Figure 6c,d). The model of kerfing leaves only one or two small contact areas between the consecutive cuts. On the cross section, the veneer plies 1, 3, and 5 had a longitudinal grain orientation at bending, while plies 2 and 4 had a 90° orientation. This means that the resistance to bending is mostly attributed to the panel outer plies, since ply number three coincides with the location of the neutral axis. The way of breakage may be influenced by the local quality and orientation of material plies, the reduced area of the kerfed model, the orientation of the kerfing lines, the differences in elasticity between adjacent zones and not on the last, and by the changes induced by the laser (local carbonization, loss in moisture content, and an increase in brittleness).



It was observed that the frame-type variants recorded two possible places of breakage in comparison with simple flexible specimens. Here, the breakage sometimes occurred in the central kerfed region (Figure 6e,f), while some other times, breakage occurred at the interface between the rigid (unkerfed) area and the flexible area (Figure 6g,h). Approximately 80% of the framed flexible samples, at a 6 mm pitch and app. 35% of those with 10 mm pitch, failed at the rigid–flexible interface (Figure 6g), while the difference till 100% broke in the middle of the kerfed model (Figure 6). The breakage in the flexible specimens began from the small connecting regions of the kerfing model, failing in tension, and continued with share efforts at multiple depth levels (Figure 6d,f,h).




3.3. Comparisons between the Standard and Framed Rigid Specimens


In this analysis, it was interesting to see to which extent the addition of a frame to the testing specimen is affecting the testing results, in comparison with standard testing specimen, in static bending.



The testing results are contained in Table 2.



From Table 2, it can be observed that changing the type of testing specimens from standard to the framed ones produced a slight increase of the MOE with about 15% and of the MOR with app. 8%, while the maximum deflection decreased with 35%. This result indicates that framing the specimens produces a slight increase in their stiffness, but this, however, does not invite a change in the testing method. In order to quantify the change produced by each flexibilization parameter, framed rigid specimens can be kept as a reference, as non-flexibilized panels. They will be compared with modified specimens of the same type, the framed-flexible specimens.




3.4. Study regarding the Impact of Flexibilization Parameters upon the MOE, MOR, and Maximum Deflection in Static Bending


This study was performed on modified, framed test specimens, where the effect of the flexibilization parameters was studied in comparison with the framed rigid specimens, taken as a reference. It was also studied in comparison between the flexibilized specimens. The measuring results are included in Table 3.



It must be mentioned that the measured values, in the case of frame-type specimens, are indicative and not absolute, but can be useful for comparisons and for evaluation of the changes in the MOE, MOR, or maximum deflection, as percentage increases or decreases, occurring by flexibilization.



The test results in Table 3 gathered the most important pairs of load-deflection data. This allowed a graphical representation of the load-deflection curves for each case of flexibilization (Figure 7). The first pair of data was F1 and a1, corresponding to 10% of Fmax, and the last was Fbreak and abreak. The slopes of the elastic domain have clearly shown a hierarchy from the most rigid samples, characterized by the highest slope and the lowest maximum deflection, 10/50 and then 6/50, to the most flexible ones, corresponding to the lowest slope and highest deflection (6/110, 6/90, and 10/110). As expected, for the same kerfing pitch, an increase of the kerfing length increases the flexibilization. For the same flexibilization length, an increase in the frequency of laser cuts makes the material more flexible. Another observation is related to the shape of the load-deflection curves, which were predominantly linear until occurrence of Fmax, followed by an abrupt change in direction at failure. In comparison, the classic curves in bending have a distinctive curve beyond the elastic linear zone. It would be interesting, in future research, to study this behavior in more depth.



An increase in flexibility translates in a decrease in the MOE and MOR and an increase in maximum deflection (Table 3). The effect of combinations of pitch/flexibilization length upon the MOE, MOR, and maximum deflection, can be visually analyzed in Figure 8, Figure 9 and Figure 10, where mean values were arranged in descending order for MOE and MOR and ascending order for the maximum deflection.



According to [3], the kerfing technique promotes flexible surfaces, but it reduces the load carrying capacity of the panels so that higher density cuts (larger pitch) lead to more flexible but lower load bearing structures. This is confirmed by results in Table 3 and Figure 9, when comparing the impact of the kerfing pitch for the same flexibilization length: higher frequency cuts caused a lowering in the MOR. Chen et al. [3] recommend, when designing desired geometrical shapes, to consider the kerfing pitch so that a balance between panel flexibility and bending strength is reached. It was observed and tested with ANOVA, that combinations 6/70 and 10/110 had similar values of the MOR and maximum deflection, although the combination 10/110 has a 20% lower stiffness. This result is inspiring when the same deflection of the sample is envisaged but on different flexibilization lengths, giving the possibility of achieving the goal by simply changing the frequency of the model. A greater number of tests and combinations of flexibilization parameters are needed in order to optimize the selection of the best combination for achieving the desired bendability and at the best possible strength.



The following analysis is looking to observe whether there is a law of variation in the MOE, MOR, and maximum deflection with an incremental increase in the flexibilization length. The reference, in this case, was the 50 mm flexibilization length, for which the length increased in increments of 40%: 0% (for 50 mm), 40% (for 70 mm), 80% (for 90 mm), and 120% (for 110 mm). The results are displayed in Figure 11, Figure 12 and Figure 13.



The representation is useful if we look for evaluation of the effect of a certain percentage increase in the flexibilization length on the bending results. For example, an increase of the flexibilization length by 120% has decreased the MOE with app. 72% and increased the maximum deflection with app. 52% for a kerfing pitch of 10 mm.



The differences in the values of the MOE between the two kerfing pitch variants have attenuated with the increase in the flexibilization length, while for the MOR and maximum deflection not specific trend can be outlined.



High correlations were found for MOE, MOR, and the maximum deflection with the flexibilization length (R2 greater than 0.9). This, on one hand, is a useful result for future building of a mathematical model of bending, such flexible structures for different input parameters. On another hand, it can be considered a successful test for the new proposed samples, with modified geometry, which proved their sensitivity to the variation in the input parameters and made them reliable.



The judgement went further and included the non-flexible framed samples in a comparative analysis with the flexible ones. The framed rigid samples were taken as references and the effect of including a flexible zone of different lengths in the specimen was studied. Since the absolute values of the MOE, MOR, and maximum deflection may have been somehow altered by the new sample’s geometry, the comparisons were made as a percentage increase or decrease. The flexibilization length was related to the distance between the testing supports (160 mm), as a percentage, so that for the non-flexible samples, the flexibilization percentage was zero; for the 50 mm length, this was 31 and 25% and so on. The percentage change in the MOE, MOR, and maximum deflection was calculated for each combination pitch/flexibilization length as related to the framed rigid samples, taken as a reference.



The results are shown in Figure 14, Figure 15 and Figure 16.



From the absolute values in Table 3 and the percentage difference from Figure 14, Figure 15 and Figure 16, it can be seen that the most flexible variant was 6/110. This corresponds to a pitch of 6 mm and to an app. 70% increase in the flexibilization length as related to the non-flexibilized reference. The flexibilization caused a sharp decrease in the MOE, app. 74 times, corresponding to a 98% gain in elasticity. However, the MOR decreased as well, 12 times, corresponding to a 91% loss in strength. As far as the maximum deflection is concerned, it increased 4.5 times. For the same flexibilization length, an increase of the kerfing pitch from 6 to 10 mm has reduced the loss in the MOE to 43 times, in the MOR to 8 times, and increased the maximum deflection approximately 4 times as related to the rigid samples. The laws of variation were similar for both values of the kerfing pitch.



The correlations in Figure 14, Figure 15 and Figure 16 were very good. This means that for a given change in the flexibilization length, a percentage change in the MOE, MOR, and maximum deflection could be predicted. However, a greater number of tests, with a larger range of flexibilization parameters are needed, in order to confirm the reliability of these initial experimental mathematical correlations. The selection of the flexibilization parameters will also be conditioned by the final use of the flexible panels and their strength requirements.



Based on such studies, a better understanding of the influence of flexibilization variables on the MOE, MOR, and maximum deflection can be pursued and followed by modeling of the flexibilization process.





4. Discussion and Conclusions


There is a lack of information regarding the effect of various input variables upon the flexibilization of plywood panels kerfed through with a laser, which can be used in indoors applications, such as furniture parts. The quantification of this effect requires a reliable testing method. The understanding of the behavior of flexibilized panels in bending is challenged by the limitations in testing with standard procedures, such as in EN310 [16] and by a lack of specific recommendations. Flexibilized specimens based on standard dimensions are prone to fail the test; they slip from the supports and, most often, test data are not recorded. In order to overcome these testing limitations, this research proposed a test method in static bending, which is able to detect the changes caused by modifications of the flexibilization parameters, such as the kerfing pitch (6 and 10 mm) and the flexibilization length (50, 70, 90, and 110 mm). New test samples were proposed for this purpose, but with a modified geometry (a frame was added), as compared with the standard specimens. To our knowledge, no similar method was found in the literature.



Flexibilized framed test samples were compared with framed samples without flexibilization, in absolute values and percentage change. It was found that for the same kerfing pitch, an increase of the kerfing length increased the flexibilization, and for the same flexibilization length, an increase in the frequency of the laser cuts has made the material more flexible. These findings are in agreement with statements from literature [3,5,8,14]. The flexibilization result was measurable, in our study, by a decrease in the MOE and an increase in the maximum deflection. A reduction, at the same time, of the MOR, indicates the need for a balance between the panel flexibility and bending strength suitable to the panel’s final use, as also remarked in studies of [3,8].



High correlations were found for MOE, MOR, and the maximum deflection with the flexibilization length (R2 greater than 0.9). The correlations are useful if we look for evaluating the effect of a certain percentage change in the flexibilization length upon the bending results. Furthermore, those high correlations prove the usefulness and sensitivity of the test method to the input variables. The method could be used in further studies for a better understanding of the influence of more flexibilization variables (type of material, panel thickness, kerfing pattern and pitch, flexibilization length, kerfing direction with relation to the grain, minimum bending radius, and others), which will help in modeling the flexibilization process for given indoors applications.
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Figure 1. Four types of samples, tested in bending: (a) standard; (b) simple flexible; (c) framed rigid; (d) framed flexible. 
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Figure 2. Framed flexible samples, for four flexibilization lengths, from bottom to top (50, 70, 90, and 110 mm) and two values of the kerfing pitch: (a) 6 mm; (b) 10 mm. 
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Figure 3. Framed rigid specimen during bending test. 
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Figure 4. Kerfing pattern and dimensions for a flexibilization length of 50 mm and a kerfing pitch of 10 mm. 
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Figure 5. Microscopic image of the edge of a simple flexible specimen (poplar plywood) cut by laser. The dark zone corresponds to the transversal kerfing (magnification 22.5×). 
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Figure 6. Failure of test specimens: (a,b) standard; (c,d) simple flexible; (e,f) frame flexible-central failure; (g,h) frame flexible-side failure. Micrographs (b,d,f,h) have 22.5× magnification. 
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Figure 7. Load-deflection curves for flexibilized plywood samples. 
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Figure 8. Mean values of the MOE for combinations of model pitch and flexible length. 
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Figure 9. Mean values of the MOR for combinations of model pitch and flexible length. 
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Figure 10. Mean values of the maximum deflection for combinations of model pitch and flexible length. 
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Figure 11. The variation in the MOE with an incremental increase in the flexibilization length, for two values of the model pitch. 
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Figure 12. The variation in the MOR with an incremental increase in the flexibilization length, for two values of the model pitch. 
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Figure 13. The variation in the maximum deflection with an incremental increase in the flexibilization length, for two values of the model pitch. 
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Figure 14. Correlations between percentage change in the MOE with changes in the flexibilization length, for two values of the kerfing pitch. 
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Figure 15. Correlations between percentage change in the MOR with changes in the flexibilization length, for two values of the kerfing pitch. 
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Figure 16. Correlations between percentage change in the maximum deflection with changes in the flexibilization length, for two values of the kerfing pitch. 
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Table 1. Results of static bending (mean values and standard deviation) for standard, simple flexible, and framed flexible samples.
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Code

	
Specimen Identifier

	
F1

N

	
F2

N

	
a1

mm

	
a2

mm

	
Em

N/mm2

	
Fmax

N/mm2

	
fm

N/mm2

	
aFmax

mm

	
FBreak

N

	
fBreak

N/mm2

	
aBreak

mm






	
Standard

	
Standard rigid

	
48.70

	
194.90

	
0.72

	
2.26

	
3800.00

	
487.00

	
36.50

	
7.90

	
487.00

	
37.00

	
7.90




	
10/50

	
Simple flexible

	
1.50

	
6.15

	
0.47

	
11.18

	
17.15

	
15.30

	
1.15

	
42.25

	
13.25

	
1.00

	
58.05




	
stdev

	
0.14

	
0.64

	
0.30

	
0.30

	
1.77

	
1.56

	
0.12

	
1.77

	
1.34

	
0.00

	
1.77




	
10/50

	
Framed flexible

	
12.25

	
49.00

	
1.38

	
5.40

	
369.00

	
125.00

	
9.19

	
13.43

	
96.70

	
7.50

	
13.98




	
stdev

	
0.69

	
2.88

	
0.06

	
0.17

	
2.83

	
9.90

	
0.55

	
0.88

	
25.88

	
2.12

	
1.51
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Table 2. Results of static bending (mean values) for standard and framed rigid samples.
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	Code
	Specimen Identifier
	F1

N
	F2

N
	a1

mm
	a2

mm
	Em

N/mm2
	Fmax

N/mm2
	fm

N/mm2
	aFmax

mm
	FBreak

N
	fBreak

N/mm2
	aBreak

mm





	Standard
	Standard rigid
	48.70
	194.90
	0.72
	2.26
	3800.00
	487.00
	36.50
	7.90
	487.00
	37.00
	7.90



	Reference
	Framed rigid
	52.73
	210.88
	0.78
	2.23
	4395.00
	512.00
	39.53
	5.13
	512.00
	38.50
	5.13
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Table 3. Results of static bending (mean values and standard deviation) for reference-framed rigid and framed flexible samples kerfed with two pitch values (6 and 10 mm) and four flexibilization lengths (50, 70, 90, and 110 mm).






Table 3. Results of static bending (mean values and standard deviation) for reference-framed rigid and framed flexible samples kerfed with two pitch values (6 and 10 mm) and four flexibilization lengths (50, 70, 90, and 110 mm).





















	Code
	Specimen Identifier
	
	F1

N
	F2

N
	a1

mm
	a2

mm
	Em

N/mm2
	Fmax

N/mm2
	fm

N/mm2
	aFmax

mm
	FBreak

N
	fBreak

N/mm2
	aBreak

mm





	Ref.
	Framed rigid
	Mean
	52.73
	210.88
	0.78
	2.23
	4395.00
	512.00
	39.53
	5.13
	512.00
	38.50
	5.13



	
	
	stdev
	11.61
	46.42
	0.11
	0.31
	7.07
	24.04
	8.74
	1.26
	24.04
	2.12
	1.26



	10/50
	Framed flexible
	Mean
	12.25
	49.00
	1.38
	5.40
	369.00
	125.00
	9.19
	13.43
	96.70
	7.50
	13.98



	
	
	stdev
	0.69
	2.88
	0.06
	0.17
	2.83
	9.90
	0.55
	0.88
	25.88
	2.12
	1.51



	10/70
	Framed flexible
	Mean
	7.70
	30.80
	1.53
	5.92
	212.50
	77.03
	5.78
	15.48
	66.58
	4.50
	15.48



	
	
	stdev
	1.88
	7.45
	0.31
	1.05
	20.51
	18.61
	1.40
	2.42
	17.05
	0.71
	2.42



	10/90
	Framed flexible
	Mean
	7.15
	28.60
	1.86
	7.49
	152.00
	71.45
	5.36
	16.90
	67.40
	5.00
	17.20



	
	
	stdev
	0.64
	2.40
	0.18
	0.08
	9.90
	6.01
	0.45
	1.13
	0.99
	0.00
	0.85



	10/110
	Framed flexible
	Mean
	6.57
	26.30
	2.83
	10.31
	103.50
	65.77
	4.93
	20.33
	63.10
	4.67
	20.33



	
	
	stdev
	0.35
	1.41
	0.19
	0.43
	9.19
	3.47
	0.26
	0.74
	7.17
	0.58
	0.74



	6/50
	Framed flexible
	Mean
	9.38
	36.48
	1.70
	6.33
	239.00
	91.28
	6.84
	16.53
	84.60
	7.00
	16.68



	
	
	stdev
	2.13
	7.01
	0.30
	1.01
	18.00
	17.72
	1.32
	2.64
	18.64
	1.00
	2.63



	6/70
	Framed flexible
	Mean
	6.70
	26.83
	2.15
	8.38
	129.33
	67.13
	5.04
	19.70
	67.03
	5.00
	19.70



	
	
	stdev
	0.26
	1.02
	0.24
	0.45
	2.08
	2.51
	0.19
	1.78
	2.34
	0.00
	1.78



	6/90
	Framed flexible
	Mean
	5.85
	23.45
	3.16
	11.18
	87.55
	58.55
	4.39
	22.15
	55.30
	4.50
	22.15



	
	
	stdev
	0.35
	1.63
	0.30
	0.76
	1.20
	4.03
	0.31
	1.91
	8.63
	0.71
	1.91



	6/110
	Framed flexible
	Mean
	4.35
	17.40
	3.49
	12.26
	59.40
	43.55
	3.27
	22.85
	38.35
	3.00
	22.90



	
	
	stdev
	0.64
	2.55
	0.44
	0.83
	5.94
	6.29
	0.47
	1.63
	4.88
	0.00
	1.70
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