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Abstract: In order to explore the characteristics of the three-dimensional surface morphology of sawn timber, a three-dimensional wood surface morphology tester based on the scanning probe method and the principle of atomic force microscope was used to test the three-dimensional surface morphology of three kinds of sawn timber and calculate its surface roughness. This study also analyzed the reasonable plan for the value of wood surface roughness and the advantages of the three-dimensional shape tester, as well as the influence of tree species, three sections, air-dry density and other factors on the surface roughness of the specimen after mechanical processing. The results have shown that it is a more appropriate method to select the calculated values of Sa and Sq as the evaluation of the surface roughness of wood with random surface characteristics. The three-dimensional wood surface topography tester can efficiently, conveniently and accurately display the three-dimensional topography of wood at a micron-level resolution, and is characterized by high efficiency and good durability. The three-dimensional surface morphology characteristics of the three sawn woods correspond to their roughness. The surface roughness of woods is arranged as follows: Sitka spruce > Larch > Beech. For the same tree species, the roughness of the corresponding section after sawing is as follows: chordwise section > crosswise section > radial section. The radial section has lower roughness than the other surfaces. The surface roughness of the wood after sawing is mainly related to its air-dry density. The above is intended to provide a useful reference for the application of measuring and evaluating the surface roughness of sawn timber using the three-dimensional surface topography test method.
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1  Introduction

As a green and renewable material, wood has excellent decoration, structure and beauty, and has been widely used in decoration, construction, shipping, packaging and other fields [1–5]. Currently, wood processing is mainly based on mechanical sawing technology, which can be low-cost and efficient to perform a variety of conventional production operations. Among them, circular saw processing occupies a very important position. Its structure is simple and all inertial forces are fully balanced. Even if the feed speed is too high, the processing quality of the wood surface can be guaranteed [6,7]. The characteristic parameters of wood surface morphology are important indices for evaluating the surface quality of wood, which significantly affect the quality of appearance, bonding strength and performance of surface finishing wood. Therefore, it is very important to test and study the three-dimensional surface topography of sawn wood [8–12].

Currently, research into the surface morphology of wood mainly includes the probe method and the optical method. Due to the anisotropy, variability and porosity of wood, both the probe method and the optical method have their limitations [13–16]. For example, the probe method takes a long time and the structure is more complicated. Although optical method is a non-contact measurement and has high accuracy, the high cost of the instrument largely restricts its practical application. In addition, the study of the surface morphology of wood is usually carried out in two dimensions, which can only reflect the roughness of the surface on a straight line, and lacks a general intuitive comparison. In 2011, Nzokou et al. used the surface profilometer system (RC 4000 type) manufactured by Hommel America to evaluate the changes in the wood surface after weathering. The wood surface was swept with a 25 mm stylus, the relevant data were recorded and the roughness parameters were calculated [17]. In 2014, Tolvaj et al. used a fast optical method to clarify the intensity of wood surface roughness caused by light radiation. With this new baseline shift method, the small changes in roughness caused by the leaching effect of water can be visualized and determined [18]. In 2020, Baradit et al. performed a two-dimensional test of wood surface roughness using speckle interferometry. The results show that the system performance of speckle interferometry in terms of spatial and temporal resolution can be improved by using a large-area CCD/CMOS sensor [19].

Compared with the above-mentioned two-dimensional test methods which can only reflect the surface roughness of the test object on a single straight line, the three-dimensional surface topography test can intuitively and efficiently reflect the topography and roughness of the material. Since it is an anisotropic material, the surface quality of wood can be effectively determined. In 2005, Temiz et al. used electrical contact (stylus) instruments according to DIN 4768 to test the surface roughness of accelerated aging anticorrosive wood [20]. In 2013, Zhong et al. used a stylus profiler and a 3D image analyzer to determine the surface roughness of boards commonly used in furniture industry, such as particleboard, medium density fiberboard (MDF), and plywood. The results showed that these two methods could evaluate the surface quality of samples well and provide objective values [21].

In this paper, the three-dimensional wood surface topography tester based on the scanning probe method was used to test the three-dimensional surface topography of three types of wood truncated with a circular saw with selected working parameters. The surface roughness of Sitka spruce, Larch and Beech was determined. The best expression method of surface roughness value and the advantages and characteristics of three-dimensional profiler were analyzed and pointed out, as well as the influence of tree species, three sections, air-dry density and other factors on the surface roughness of sawed specimens. This paper is expected to provide a reference for the application of the three-dimensional wood surface topography tester in wood processing.

2  Materials and Equipment

2.1 Materials

Three wood species from different tree species were selected for this study. Sitka spruce (Picea spp.) is produced in the United States. Larch (Larix gmelinii (Rupr.) Kuzen.) is produced in the Greater Khingan Range, China. Beech (Fagus longipetiolata) is produced in North America. The dimensions, air-dry density and moisture content of woods are shown in Table 1. Three species of wood were sawn to obtain a crosswise section, radial section and chordwise section. Sitka spruce was numbered X, Larch was numbered L, and Beech was numbered S. Among them, the numbers 1, 2, and 3 of the letter suffixes represented the radial section, chordal section, and cross section of the samples.
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2.2 Equipment

A test equipment set for the three-dimensional topography of the wood surface is used. The system is composed of a module laser, two fine-tuning reflectors, a cantilever probe, a CCD charge-coupled element and a three-dimensional stage. Each fine-tuning reflector which is connected to the outer frame of the reflector through small iron rods is composed of 4 mm steel balls and four tension springs. The fine-tuning of the reflector is done by screwing on the bolts. The cantilever probe adopts a tip with a diameter of 300 nm. The scanning speed is 1~10 s per measuring point, which is depending on the flatness of the measuring point. The CCD is powered by a 3.3 V DC power supply. Pin 4 (φM) is used as an input working signal of the CCD and is connected to a clock frequency of 2 MHz. The running accuracy of the X- and Y-axes of the three-dimensional stage can reach 0.625 μm, and the running accuracy of the Z-axis can reach 0.0184 μm. The instrument meets the accuracy requirements after the surface roughness comparison sample test. It has the characteristics of faster signal transmission rate, good operability, stable system operation, and high durability. It is suitable for three-dimensional topography testing of micron-level wood surfaces, as shown in Fig. 1. An HK-30 wood moisture meter is used (Shenzhen Jumaoyuan Technology Co., Ltd., China). An MJ164A circular saw machine is used, and the feeding speed range is 500–2400 mm/min. Wood sawing direction is longitudinal. The parameters of the circular saw blade include an outer diameter of 300 mm, a mounting aperture of 30 mm, a blade thickness of 3.2 mm, and a number of teeth of 70. The tooth type is T-shaped, and the working speed is 1000 RPM.
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Figure 1: Three-dimensional wood surface topography tester

3  Test Principle and Main Steps

3.1 Test Principle

The test principle of the three-dimensional wood surface topography tester used in this experiment was modified and designed based on the principle of atomic force microscope. The test principle is:

By outputting a fixed number of pulses, the stepper motors are controlled in the X-axis and Y-axis directions to reach the position of the sample to be detected, and the Z-axis slowly ascends, recording the number of ascending pulses. During the ascent, the surface of the sample eventually touches the probe with the micro cantilever, causing the micro cantilever to generate a repulsive force on the surface of the sample. This tiny repulsive force is detected by the optical sensor after being amplified by the optical structure of the principle of multi-level optical lever amplification. The optical sensor has a significant difference between the optical signal when the sample and the probe are in contact and when they are not. When the difference occurs, the pulse number of Z-axis at this time is recorded, the height of Z-axis rise is restored according to the pulse number, and the information is transmitted to the upper computer. The upper computer draws the three-dimensional surface topography under the microscopic view according to the adjustment values of the X-, Y- and Z-axes. Based on this information, some parameter values for surface characteristics evaluation can be calculated to obtain a more concrete and vivid understanding of the three-dimensional topography characteristics of the surface of the measured object. The test principle of the profiler is shown in Fig. 2.
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Figure 2: Test principle of the profiler

3.2 Test Steps

First, the personal computer and the instrument platform are connected with a USB cable, and the 3D scanning measurement executable file is opened. Secondly, the graphical operation interface is opened. When the USB status is connected, “Sampling/Lofting” is clicked, the sample to be tested is placed and the coordinates set. By the way of operating the corresponding software, the platform is moved to the detection position of the sample. The specific detection parameters are set in the main interface. Specifically, the test section dimension is set to 1250 μm × 1250 μm, the resolution is set to 100 × 100, and then the starting scan coordinates are recorded. Thirdly, the thumb screws behind the reflector A are adjusted so that the reflected light spot from the reflector falls on the front end of the micro cantilever. The thumb screw of the reflector B is adjusted so the reflected light point of the reflector is at 1/3 of the CCD. After the above procedures are completed, the conversion period, exposure period and reference value are adjusted to facilitate determine the current light spot position, until the three-dimensional profile scan is completed. An overview of the test process is shown in Fig. 3.
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Figure 3: Overview of the test process

As the unit places high demands on the light during the inspection process, the box cover made of acrylic board cannot be easily opened. Alternatively, the main interface of the software program can be used for detection during operation, and the internal operating conditions can also be observed in real time at close range through the camera located at the upper end of the cantilever. The on-site operation equipment and camera monitoring are shown in Figs. 1 and 4.
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Figure 4: Camera monitoring

4  Results and Analysis

4.1 Surface Roughness Check Calculation

According to GB/T 1031-2009 “Geometrical Product Specifications (GPS), surface texture: Profile method, surface roughness parameters and their values” and ISO 25178-2 “Geometrical product specifications (GPS)-Surface texture: Areal-Part 2: Terms, definitions and surface texture parameters”, Ra, Sa and Sq are selected as the roughness calculation values. Among them, the average arithmetic deviation value Ra of the contour refers to the average arithmetic deviation of the absolute value of the distance from each point on the contour to the center line within a certain length and orientation. The calculation formula is as follows:


Ra=1l∫0l⁡|y|dx

The arithmetic average height Sa refers to the average value of the absolute value of the distance from each point on the surface profile to the average surface in the selected area, which is the expansion of the average arithmetic deviation value Ra of the line profile on the surface. The calculation formula is as follows:


Sa=1A∫∫A~⁡|z(x,y)|dxdy

The root means square height Sq refers to the sampling length, which is the root mean square defining the height of each point on the surface of the selected area, which is equivalent to the standard deviation value of the height. The calculation formula is as follows:


Sa=1A∫∫A~⁡z2(x,y)dxdy

Table 2 shows the surface roughness results of three wood species after mechanically sawing.
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It can be seen from Table 2 that the surface roughness of the three woods after sawing are all different under the specified parameters, and the roughness is Sitka spruce, Larch and Beech in descending order. The change tendency of the values Ra, Sa and Sq, which measure the roughness, is basically the same for all three woods. But the values of Sa and Sq are similar, and both are much larger than the value of Ra. Because the value of Ra here represents the randomly selected two-dimensional roughness in the three-dimensional topography. The units of the three test values are μm. Ra can only reflect the roughness of the two-dimensional topography, and has a better reflection of periodic surface, but for random surfaces, the measured value is relatively random. Both values of Sa and Sq measure the distance relationship between a point on the surface contour of the selected area and the average plane. They all analyze the characteristics of the height parameters in the surface topography from the three-dimensional angle. Compared with the two-dimensional test parameter Ra, they are more appropriate for the overall evaluation of the surface roughness of the wood with random characteristics. Both values can objectively characterize the three-dimensional morphological characteristics of the wood surface.

4.2 Analysis of Three-Dimensional Wood Surface Topography

It can be seen from Fig. 5 that the three-dimensional wood surface topography tester used in this study can intuitively and accurately reflect the surface topography characteristics of the wood after sawing. The depth of the color in the topography diagram represents the degree of the surface depression tested. Using the control indicators (the unit is μm) on the side, the general topography characteristics of each area can be quickly and accurately determined. The dimensional scale of every graph from Fig. 5 is 20:1. Compared to the ordinary two-dimensional profile test method, this method can use the surface as the test unit to accurately represent the different topographical characteristics of the wood surface caused by fiber anisotropy.
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Figure 5: Three-dimensional topography of wood surface

It is showed in Table 2 and Fig. 5 that the surface roughness of the sawing surface of X2 is the largest, while the surface roughness of S1 is the smallest. Compared to S1, the color of the three-dimensional topography of X2 is not uniform and there are some areas with large gaps. This is because the top edge of the circular saw blade for sawing wood has some longitudinal run out, which is unavoidable. Depending on the density of the processed wood, the degree of runout of the saw blade also varies. Sitka spruce has a light texture and its air-dry density is much lower than that of Beech, only 357 kg/m3. During processing, the saw blade deflects more noticeably, which means that the cut surface is not smooth. The Beech with a density of 643 kg/m3 has a smaller surface roughness and a better three-dimensional topography.

For the different sections of the three species of wood, the roughness value of the circular saw blade is chordwise section > crosswise section > radial section. This is related to the angle formed by the direction of the cell fiber of the wood and the direction of the grain.

Although the air-dry density of Larch is higher than that of Beech, the roughness of the latter is smaller and the three-dimensional surface topography is flat. The maximum Sa value of Larch is 21.95 μm, while the minimum Sa value of Beech is 15.53 μm. This is due to the fact that the fiber structure of wood significantly affects the surface roughness. Larch belongs to the coniferous wood with resin canals and it contains a large amount of resin secretion compared to other genera. During the sawing process, the saw blade swayed significantly in the radial direction due to the obstruction and influence of the resin in the resin channel, which caused the surface roughness Sa of Larch to be slightly larger than that of Beech.

5  Conclusion

(1) Provided that the three-dimensional profiler achieves the micron-level resolution, it can display the three-dimensional profile of wood efficiently, conveniently and accurately, and is characterized by high efficiency and good durability.

(2) The three-dimensional surface topography and roughness of the three types of sawn wood correspond to each other. Their surface roughness is arranged as follows: Sitka spruce > Larch > Beech. Both Sa and Sq values measure the height parameter characteristics of the surface profile of the selected area from the three-dimensional angle. Compared with the two-dimensional roughness calculation value Ra, it is more appropriate for the overall evaluation of the surface roughness of wood with random surfaces.

(3) The Sa value of Sitka spruce specimen X2 is the largest of all specimen at 65.93 μm, and the Ra value of the Beech specimen S1 is 15.53 μm. This indicates that the density difference caused by wood species is one of the main reasons for determining the value of the three-dimensional surface roughness.

(4) For the same tree species, the roughness of the corresponding cut surface after sawing is as follows: chordwise section > crosswise section > radial section. The radial section has a lower roughness than other sections.

(5) With similar density, the fiber structure of the wood also has a significant influence on the surface roughness and the three-dimensional topography after sawing. The wood containing resin channels is affected by the resin so that the circular saw blade swings significantly when cutting, resulting in obvious unevenness of the three-dimensional surface of the wood specimen.
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Table 1: Wood dimension specification information table

Wood species Dimension (mm) Air-dry density (kg/m") Moisture content (%)
Sitka spruce 150 x 50 x 10 357 8
Larch 150 x 50 x 10 783 9

Beech 90 x 90 x 10 643 8
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Table 2: Surface roughness values of three kinds of sawn wood

No. R,(um) Sa(um) Sq (Hm)
X1 10.14 35.51 40.74
X2 13.84 65.93 70.86
X3 12.75 40.04 47.16
L1 7.45 16.85 21.8

L2 9.09 21.95 25.69
L3 7.95 21.7 25.26
S1 6.20 15.53 39.97
S2 7.03 19.32 23.86
S3 6.64 16.85 21.8

Average value

9.14

28.19

35.24
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