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Abstract

:

This study presents a method for predicting the local fiber orientation of veneers made from peeled Douglas-fir logs based on the knowledge of the tree branch characteristics (location, radius, insertion angle, azimuth angle, and living branch ratio). This model is based on the Rankine oval theory approach and focuses on the local deviation of the fiber orientation in the vicinity of knots. The local fiber orientation was measured online during the peeling process with an in-house-developed scanner based on the tracheid effect. Two logs from the same tree were peeled, and their ribbons were scanned. The knot locations and fiber orientation were deduced from the scanner data. The first objective was to compare the fiber orientation model with measurements to enhance and validate the model for French Douglas-fir. The second objective was to link data measurable on logs to veneer quality.
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1. Introduction


The majority of French Douglas-fir forests were planted in the period between the 1950s and the 1970s [1]. According to Thivolle-Cazat et al. [2], in the near future, a fraction of these forests will contain logs with diameters larger than 50 cm, which are rejected by industrial sawmills with the standard chipper canter. To transform these mature but often knotty trees, the peeling industry seems to be a sustainable option since large logs are not difficult to peel and the yield increases with the log diameter. However, the growing conditions of these trees can favor large knots; thus, veneers might present high fiber orientation deviation over a large area. These veneers are not suitable for classic plywood industries, which require a high proportion of high-quality veneers to build panels. Laminated veneer lumber (LVL) panels, in which veneers are glued mostly in the longitudinal direction, seem to be an adequate way to use these veneers, since, in this material, homogenization of the overall product is standard (facilitating better properties than solid wood [3,4,5,6]). Moreover, it is possible to improve the mechanical properties and natural durability of the product by sorting the veneers before LVL panel construction [7,8,9,10,11]. A method proposed by Bleron et al. [12] based on the local density can predict the mechanical properties of Douglas-fir products. This approach, despite promising results, requires an X-ray scan of each veneer.



This paper proposes a method for describing the knottiness based on data measurable from logs and the comparison and enhancement of a fiber deviation model in the vicinity of knots with online measurement of the fiber orientation. Firstly, the knot pattern is obtained using the peeling thickness, branch shape, and distribution along the log by virtually following the knife path during rotary cutting in accordance with Mothe et al. [13]. Then, the description of the fiber directions in the vicinity of the knots is computed from a mathematical formulation based on the Rankine oval [14]. This so-called flow-grain analogy was first described by Goodman and Bodig [15] and afterward by References [14,16,17]. Each knot is considered an elliptical obstacle to a constant flow.



A new apparatus (LOOBAR: local online orientation fiber analyzer) was designed to measure the local fiber orientation online to validate this approach. The fiber orientation measurement is based on the “tracheid effect” [18,19,20,21,22,23,24,25]. This device is described below. This technology is cheaper and simpler to install on a peeling line than X-ray peeling.



Viguier et al. [10] describes an innovative method based on the fiber local orientation to sort veneer and predict mechanical properties of beech laminated veneer lumber. The fiber orientation model, which is detailed in this paper, can be coupled with Viguier’s mechanical model to predict the mechanical potential of a forest or to sort veneers without another system of mechanical grading, in an industrial process.




2. Materials and Methods


2.1. Experimental Campaign


2.1.1. Log Sampling and Description


For this study, two logs were sawn from the same 29-year-old tree and selected for their proportion of living branches. The two logs were slightly conical (near 0.4°), and their average radial growth ring width was 5.7 mm. The first log measured 790 mm in length, and the two extremum circles had diameters of 340 mm for the base and 330 mm for the top. The second log measured 790 mm in length. The mean diameter of the base and that of the top were 350 mm and 340 mm, respectively.




2.1.2. Peeling Process


The peeling line used for this study was composed of an instrumented peeling machine (see Figure 1), a clipper, and a specifically designed laser scanner (LOOBAR). The logs were peeled at a set thickness of 3 mm close to the veneer standards for LVL production. The peeling speed was constant and set to 1.5 m·s−1. The veneers were clipped at a width of 750 mm perpendicular to the grain direction and almost equal to the log length.




2.1.3. Veneer Fiber Orientation Measurement


The LOOBAR is an experimental device based on the tracheid effect. The tracheid effect occurs when a laser pointer lights up a wood surface. The laser dot is distorted along the fiber direction (a circle becomes an ellipse under this effect). The scanner is composed of 50 5-mW laser pointers that are equally distributed over an 800-mm range along the principal fiber direction (see Figure 2) and four cameras (Basler acA2440-75 µm) with a resolution of 2048 × 120 pixels. The camera acquisition speed is as high as 1000 frames per second for this resolution, corresponding to a resolution of 3 mm perpendicular to the fiber direction for a cutting speed of 1.5 m·s−1. The resolution in the fiber direction is equal to the distance between two laser dots, which is nearly constant and close to 16 mm. All the laser pointers were independently calibrated to restitute a radiant flux of 1 mW using a photodiode sensor (Thorlab PM16-151).



The images taken by cameras are stitched and then binarized to detect the ellipses created by the laser pointers. The ellipse center location and major and minor axes are estimated with the library OpenCv [26] and the “FitEllipse” function. A similar method was used by References [10,27,28], yielding satisfying results.



After peeling, all the veneer color pictures are acquired by a cellphone camera (LG Nexus 5X -12.3 megapixels) and are used for the extraction of the exact position and radius of each knot along the ribbon. All the pictures are transformed with the library OpenCv [26] and the “findHomography” and “warpPerspective” functions. The knots are manually identified on color pictures. As the average branch insertion angle nears 80° (see Table 1 and Table 2), knots are considered circles. The shapes of the branches are close to circular, and the peeling logs are centered on the pith. Fitting the knots with a circle for the cutting mode (0–90°) [29] is an acceptable approximation.



Figure 3 presents the fiber orientation map superimposed on the color pictures of the first log ribbon. The fiber deviation area is clearly visible in the vicinity of the knots.





2.2. Modeling


2.2.1. Log Description, Knot Location, and Radius


According to Mothe et al. [13], the branches into a log can be defined by five criteria (Figure 4). These criteria for each branch are the azimuth angle, the insertion angle, the location along the log, the living branch ratio, and the external diameter (close to the bark). According to the author, these parameters can be used to model the inner shape of the branches in a softwood log.



The azimuth and insertion angles were measured with a protractor. A plumb line was used to obtain the reference axis of the azimuth angle. The location along the log and the outer-log diameter were measured with a meter and a caliper. Hein et al. [30] modeled Douglas-fir branch characteristics; in accordance with the author’s model, if the branches were cut too close to the bark, the insertion angle was considered unmeasurable and was set to 80°. A living branch is defined as a cone (in blue) from the pith to the periphery of the log. A dead branch is defined by two parts: a cone (in blue) up to the death of the branch and a cylinder (in red) beyond (Figure 4), as the branch no longer has secondary growth. The living branch ratio (Equation (1)) is set to 1 for the living branches and 0.6 for the dead branches concordant with the Hein et al. [30] model.


   Living   branch   ratio  =  (     Living   part   length    Living +  Dead   part   length     )  .  



(1)







The first log had 11 visible branches on its bark at the locations described in Table 1. This log contained a whorl between 450 mm and 400 mm from the base. The second log had nine visible branches on its bark at the locations described in Table 2. This log contained a crown of branches between 450 mm and 350 mm from the base.



Each log (see Figure 5) was defined by two extremity circles (top and bottom). A three-dimensional (3D) model was built using Python language with the library OpenGl [31]. Figure 5a,b shows visual representations of Log 1 and Log 2, respectively, according to the hypothesis made and the data presented in Table 1 and Table 2.



Both log models were virtually peeled to determine the knot locations on the ribbon by considering that the cutting knife follows an Archimedean spiral with a 3-mm peeling thickness path. The knot location was determined by the intersection between the knife cutting edge and the knots. Finally, the ribbon was clipped in 750-mm-wide veneers (see Figure 6).




2.2.2. Log Description, Knot Location, and Radius


The model proposed by Foley [14] was used to predict the local fiber orientation around the knots. The model is based on the Rankine oval method. A source and a sink with an equal flow rate are located in a constant flow to create a stagnation streamline. The freestream speed is fixed (see Figure 7) to determine the flow of the source and the sink. The stagnation point and stagnation streamline are computed to find the source and the sink flows and their distances from the oval center. The model parameters that are fixed to determine the oval are      b r   2   , the half-height of the knot,      L r   2   , the half-width, and  U , the freestream speed. The height of the knot is equal to its width in our case since the knots are considered circles. A numerical minimization of the function    f  a , m     (Equation (2)) must be computed according to Foley [14] to determine the parameters m and a, which are the source and sink strength and the half-distance between the source and the sink, respectively. This method was detailed in References [14,17,32,33].


   f  a , m   =    (  cot  (       b r  / 2  a      2 × m   U × a      )  −    b r  / 2  a   )   2  +    (    1 +   2 × m   U × a     −    L r  / 2  a   )   2  .  



(2)







The velocity vector around the knots is computed, and its direction gives the fiber orientation. The veneer fiber orientation (combination of multiple knots) is obtained by linearly adding the main flow, sink flow, and source flow obtained for each knot (Figure 8).






3. Results and Discussion


3.1. Knot Location and Radius


The modeled knot center and radius were compared to those obtained from the pictures taken by cellphone. Figure 9a,b presents the real knots in red and the predicted knots in green, superimposed on the color pictures, for the three first veneers and the three last veneers of both log ribbons. The knot location error that appeared for the core veneers (Figure 9a,b) could be due to miscentering during the peeling process or inaccuracy in the branch measurement. The model of the knot (cone-cylinder) can also affect the radius estimation. Only the knots visible before peeling can be located. Consequently, branches hidden before peeling cannot be modeled. For the veneers peeled from the two logs, 369 knots were predicted from a total of 537 knots, which represents 69% of the knots. However, the nonmodeled knots were principally the smallest knots; 90% had radii smaller than 11 mm. The mean radius of the nonmodeled knots was 7.88 mm compared with 17.12 mm for the detected knots (Figure 9c).



The distances between the ellipse centers of the measured and predicted knots were compared (see Figure 9d). The median distance was 19.91 mm. The median of the relative error between the measured and modeled knot radii was near 0% (see Figure 9e). The hypothesis presented in Section 2.2.1 (0.6 live parts of branch) seems to be reliable. The relative error of the radius was between −25% and +25%, which shows that there was no large bias. Finally, a minor shift in the measured knot location did not have an important impact on the fiber orientation, in contrast to the number of predicted knots and their radius on the total length of the ribbon. Furthermore, the relative error of the radius was centered on zero, and an overestimated radius may be compensated for by an underestimated radius (symmetry of the distribution). Therefore, the model can be an interesting approximation for predicting knot characteristics to determine the mechanical properties of veneers.




3.2. Fiber Orientation in the Vicinity of Knots


The fiber direction with the Rankine oval model was compared to the local fiber orientation, which was measured with LOOBAR. The Rankine oval model was applied using the diameter and center location of the measured knots to focus only on the performance of this approach.



A threshold was defined using the ratio between the major axis and the minor axis to ensure that the ellipses were correctly fitted over the observed laser patterns. For ratios lower than 1.45, the ellipses were not taken into account. Actually, when an ellipse is close to a circle (ratio close to 1), some error of fitting can occur because a circle has no observable major axis, in contrast to an ellipse. Additionally, only angles between −45° and 45° were taken into account to discard these kinds of outliers.



A qualitative validation was performed to ensure that the regions of interest around the knots were adequate with the hypothesis on the restricted angles and ratio. This was achieved by superimposing the knots detected manually (red circles) and the measured fiber orientation (arrows) on the color picture (see Figure 10a,b). Moreover, only the ellipse angles with a maximal distance from the knot center were taken into account in order to focus on the local impact of the knots. The standard deviation of all the ellipse angles contained in an annulus area with a size 0.1 radius was shifted from one to five radii to determine this maximal distance (Figure 10b,c). The distance to the knot center was normalized by the knot radius.



The knot radius range was selected to obtain a sufficient number of knots in each bin (Table 3). The precision of the standard deviation for the first bin (radii from 3 mm to 8 mm) was affected by the small number of measured ellipses with regard to the other bins.



The maximal distance of the perturbation area was fixed at a radius of 3.4 to the knot center, as the evolution seemed to reach an asymptote. This methodology ensures a focus on the fiber orientation deviation in a region close to the knot and excluding the knot itself.



An innovative way to present the results is proposed in Figure 11, expressing the robustness of this approach. The general purpose is to show the fiber orientation deviation for all the knots in one graph. Figure 11a presents the measured angles of all the knots, for a total of 289 knots and 40,137 measured angles, for all the veneers peeled from log 1. The fiber orientation around the knots seems to vary linearly on a knot radius basis. The perturbation area was proportional to the size of the knots (see Figure 10c). Therefore, small knots should have a mechanical impact on a relatively small zone.



The Foley (2003) model was used to predict the angles according to the approach detailed in Section 2.2.2. Figure 11b (the so-called base model) presents the raw modeled and normalized angles with the same knot radius as that for Figure 11a for the measured angles. The influence of the other knots in the vicinity can be observed on the left of Figure 11b.



The angles were linearly interpolated on a regular grid to determine the angles at every point, and streamlines were plotted to compare the measured and modeled angles (Figure 11d,e). The variation in the angle values expressed by the color scale shows that the values of the modeled angles were higher in the close vicinity of knots than those of the measured angles for the both raw and interpolated angle maps. To improve the efficiency of the model, it is possible to optimize its parameters as described below.



According to Foley (2003), a pattern in the vicinity of a knot may be defined with two different shapes. The first shape is derived from the Rankin oval pattern for representing the orientation of the fibers of the wood tissue connected to the branch. The second shape represents the orientation the fiber of the wood that passes around the knots. In our case, the pattern around the knots was not truly known. Therefore, the pattern of the fiber orientation can be modified using the six factors described by Foley (2003), which are listed in Table 4. An optimization of these adjustment factors was computed for log 1 to improve the model of the fiber orientation. The root-mean-square errors (RMSEs) were computed to find the best fit using an evolutionary algorithm (Bäck et al. 2018) to determine the best adjustment of the factors (Table 4). Figure 11c,f presents the enhanced model raw data and interpolated data to verify whether the measured streamline matched the enhanced modeled streamline. In fact, the perturbation area seemed larger for the measured raw data; however, after the interpolation, the enhanced model seemed to match the measurement results. Many points can be superimposed on the raw data figure, and they can mask each other. Therefore, interpolated data with streamlines are a better representation for comparing the model and measurements.



The best computed root-mean-square error (RMSE) was 8.70° on all the measured angles at a 3.4 knot–radius maximum distance. A control of these optimized factors was assessed for log 2. The optimized factors were applied to compute the angle RMSE for log 2. The result is satisfying since 9.57° is close to the RMSE obtained for the calibration step.



The fiber orientation enhanced model is based on the accurate measurement of the fiber orientation with the tracheid effect.



The addition of the characteristic of the fiber angle in the vicinity of knots is an interesting way to improve the prediction of the mechanical properties of veneers. Finally, as the way the fibers deviate around a knot is proportional to the size of the knot, the size and location of knots can be sufficient to estimate the fiber orientation map of veneers. Nevertheless, this case work is only for the peeling process when the log is centered and the branch insertion angles are nearly normal from the pith of log, which yields circular knots.





4. Conclusions


It is possible to predict the fiber direction of peeled veneers from a log with branch characteristics. The knot size and location can be predicted on a veneer with no large biases. The fiber direction measured using a new experimental apparatus (LOOBAR) was compared to the direction predicted using the Rankine oval model. The Rankine oval model was adjusted to approximate the measured fiber direction. Finally, the information given by the size of knots can be sufficient because the pattern around the knots seems to be proportional to their size. This observation can be very useful for developing a simple model of local orientation fiber deviation based on a function proportional to the knot radius. A supplementary interest is the simplification of the fiber orientation measurement system by knot detection with scatter, which is easily transferable industrially.



Of course, this approach needs a larger amount of data to be fully validated. Different types of logs have to be tested regarding their proportion of living branches and silvicultural–scenario effects.



Nevertheless, the general method can be used to predict the mechanical properties of engineering wood material such as plywood or laminated veneer lumber. However, other information, such as the ring width, needs to be taken into account to evaluate the mechanical properties of a given resource. Therefore, it is possible to grade veneers before or during the peeling process to optimize the final products with only knowledge of the branch characteristics.
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Figure 1. Experimental peeling line from LaBoMaP. 






Figure 1. Experimental peeling line from LaBoMaP.
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Figure 2. Picture of the local online orientation fiber analyzer (LOOBAR) laser scanner. 






Figure 2. Picture of the local online orientation fiber analyzer (LOOBAR) laser scanner.
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Figure 3. Fiber orientation (°) measured by the scanner and superimposed on the color picture for the first log ribbon. 
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Figure 4. Schematic of selected branch criteria. 
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Figure 5. (a) Visual representation of log 1; (b) visual representation of log 2. 
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Figure 6. Example of veneer knot map. 
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Figure 7. Rankine oval stream function around an elliptical object [14]. 
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Figure 8. Fiber deviation map (°). 
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Figure 9. (a) Predicted knots in green and real knots in red for the first and last parts of the log 1 ribbon; (b) predicted knots in green and real knots in red for first and last parts of the log 2 ribbon; (c) knot radius histograms; (d) distance from predicted knot center to real knot center; (e) relative error of radius. 






Figure 9. (a) Predicted knots in green and real knots in red for the first and last parts of the log 1 ribbon; (b) predicted knots in green and real knots in red for first and last parts of the log 2 ribbon; (c) knot radius histograms; (d) distance from predicted knot center to real knot center; (e) relative error of radius.
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Figure 10. (a) Fiber angle measured with the threshold around the knots; (b) magnification of a knot with an example of the annulus measurement area; (c) standard deviations of angles in annulus areas for different knot sizes (mm). 
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Figure 11. Comparison of the measured angles, the base model angles, and the enhanced model angles (°). Raw data (a) measured, (b) computed with base model, (c) computed with enhanced model; Data interpolated on regular grid (d) measured, (e) computed with base model, (f) computed with enhanced model. 
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Table 1. Measured information of the first log branches.






Table 1. Measured information of the first log branches.





	Location

(mm)
	Diameter

(mm)
	Insertion Angle

(°)
	Azimuth

(°)
	Living Branch Ratio





	617.0
	42.0
	78.0
	101
	0.6



	444.7
	60.6
	80.5
	182
	1.0



	424.1
	35.9
	80.0
	344
	0.6



	410.2
	61.6
	82.0
	133
	1.0



	417.1
	37.8
	80.0
	264
	0.6



	393.6
	34.9
	71.0
	50
	0.6



	338.2
	25.6
	80.0
	306
	0.6



	328.3
	25.5
	80.0
	182
	0.6



	259.9
	20.1
	80.0
	141
	0.6



	238.8
	20.5
	80.0
	283
	0.6



	115.5
	39.0
	80.0
	221
	0.6
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Table 2. Measured information of the first log branches.






Table 2. Measured information of the first log branches.





	Location

(mm)
	Diameter

(mm)
	Insertion Angle

(°)
	Azimuth

(°)
	Living Branch Ratio





	450.7
	38.6
	80.0
	190
	0.6



	429.5
	41.0
	87.0
	21
	0.6



	428.2
	33.7
	80.0
	315
	0.6



	418.4
	33.2
	80.0
	254
	0.6



	372.5
	55.0
	81.0
	120
	1.0



	347.5
	35.0
	80.0
	38
	0.6



	277.2
	25.6
	80.0
	110
	0.6



	225.0
	30.0
	80.0
	38
	0.6



	140.0
	20.0
	80.0
	101
	0.6
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Table 3. Measured information of the first log branches.






Table 3. Measured information of the first log branches.





	Knot Radius Range

(mm)
	Number of Knots
	Number of Ellipses from 1 to 5 Radii





	3 ≤ knot size < 8
	37
	1311



	8 ≤ knot size < 13
	96
	17,026



	13 ≤ knot size < 18
	33
	11,934



	18 ≤ knot size < 23
	84
	47,859



	23 ≤ knot size < 28
	37
	37,119
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Table 4. Adjustment factors for the Rankine oval for Douglas-fir.






Table 4. Adjustment factors for the Rankine oval for Douglas-fir.









	
	Value





	    A  f l o w , b e l o w     
	   0.528   



	    A  f l o w , a b o v e     
	   0.572   



	    B  f l o w , b e l o w     
	   0.099   



	    B  f l o w , a b o v e     
	   0.099   



	   Y  o  r e l     
	   Y  o j  ·  l  31.53     



	   Y  o  l i m     
	   8.52   
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