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Abstract

:

This paper describes a comparison of the mechanical structures (a double-sided beam and a cantilever beam) of a probe in a tool edge profiler for the measurement of a micro-cutting tool. The tool edge profiler consists of a positioning unit having a pair of one-axis DC servo motor stages and a probe unit having a laser displacement sensor and a probe composed of a stylus and a mechanical beam; on-machine measurement of a tool cutting edge can be conducted with a low contact force through measuring the deformation of the probe by the laser displacement sensor while monitoring the tool position. Meanwhile, the mechanical structure of the probe could affect the performance of measurement of the edge profile of a precision cutting tool. In this paper, the measurement principle of the tool edge profile is firstly introduced; after that, slopes and a top-flat of a cutting tool sample are measured by using a cantilever-type probe and a double-sided beam-type probe, respectively. The measurement performances of the two probes are compared through experiments and theoretical measurement uncertainty analysis.
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1. Introduction


The importance of precision cutting tools having a micro-cutting edge tends to be more significant in many industrial fields, such as the semiconductor industry and energy engineering, with the increase in the demand for higher cutting quality and lower manufacturing costs in mass production [1,2]. Since the geometric features of a cutting edge could strongly affect the cutting performance of a precision cutting tool, the assurance of the machining accuracy of a cutting tool is one of the essential tasks for the guarantee of the superior cutting ability and tool life [3,4,5]. Precision cutting tools are usually fabricated through a precision grinding process. However, it is challenging to avoid the high rate of wear on the grinding tools, since most of the precision cutting tools are made of hard-to-cut materials, such as cemented carbide [6,7]. In order to control the machining accuracy in the grinding process, compensation machining is required [8]. Most of the commercial measuring instruments are designed to carry out off-machine measurement [4,9]. Compensation machining through an iterative process with the demounting of the workpiece, off-machine measurement and the remounting of the workpiece can improve the machining accuracy. However, the misalignment due to the repeated mounting and demounting of the workpiece could inherently affect the machining accuracy and efficiency [4,8,9,10,11]. Therefore, on-machine measurement of a cutting edge is desired to be realized to improve the machining accuracy and efficiency [8].



For on-machine measurement, two kinds of methods are generally employed; non-contact methods and contact methods. Non-contact measurement based on the principle of interferometry, optical sensors, optical microscopy, or three-dimensional imagining technology can realize a fast evaluation without any damage to workpiece surfaces [10,12,13,14,15,16,17]. Nevertheless, most of them have high requirements on the measuring environment, such as temperature, vibration, and humidity [18,19]. Moreover, the tiny structure of a tool cutting edge makes optic-based non-contact measurement system not suitable for measurement of precision cutting tools [8,20]. On the other hand, with the assistance of a precision positioning system, probe-based contact measuring instruments can be applied to precisely measure the topography of a workpiece that is difficult to be measured by non-contact methods [21,22]. Some of the traditional probe-based measuring instruments, such as a roughness tester, are designed to have a low contact force to avoid damage to a workpiece surface in the measurement process. However, such a low contact force could still cause damage to a cutting edge having an edge radius of several tens nm [23]. An atomic force microscope (AFM) is a popular contact measuring instrument with a high measurement resolution while realizing extremely low measuring force [24,25]. Due to this, sometimes AFM is treated as a non-contact measuring instrument depending on its operating mode. Nevertheless, for the profile measurement of the cutting tool edge, the AFM-based measurement system still requires additional measuring range and complex configuration [26,27], which is not friendly to the on-machine surface profile measurement of a precision cutting tool. Although some technologies, such as force sensor integrated fast tool servo (FS-FTS) [28,29] and edge reversal methods [30], are employed for the cutting tool edge measurement, the application of these methods is quite limited. Furthermore, they are not suitable for the on-machine measurement regarding the compensation machining of a precision cutting tool.



To meet the requirements for on-machine measurement of the edge profile of a precision cutting tool, the authors have developed a tool edge profiler composed of a probe unit and a positioning system [31,32,33]. In the probe unit, a probe consisting of a stylus and a beam is attached to a displacement sensor based on the laser triangulation [21] so that the deflection of the probe beam due to the contact with a target surface can be detected. For tool edge profile measurement, the probe unit is mounted on the positioning system so that the probe unit can be moved in the vertical and horizontal direction with respect to the stylus axis. Measurement of the edge profile of a cutting tool can be carried out by combining the information of the probe position and the deflection of the probe beam [32]. With the help of the large stroke of the positioning system and the low beam stiffness, the developed tool edge profiler can realize the measurement of the edge profile of a precision cutting tool over a wide measuring range with a low measuring force while maintaining fair stability. Meanwhile, when a cantilever-type probe is employed to measure the steep slope of a cutting tool, the deflection of the cantilever could become unstable and unpredictable due to the asymmetrical mechanical structure of the probe, as can be seen in Figure 1a. On the other hand, as shown in Figure 1b, the deflection of the double-sided beam-type probe is expected to be more stable when measuring the steep slope of a tool edge.



In this paper, the two types of beam-based probes in the developed tool edge profiler are compared in aspects of measurement principle, profiler construction, and measurement capability. After introducing the measurement principle and experimental setup, a series of experiments are carried out to evaluate the measurement capability of the two beam-based probes. Measurement uncertainty analysis is also conducted based on the GUM [33] to theoretically compare the two probes for on-machine measurement of a micro-cutting edge.




2. Comparison of Two Profilers


2.1. Principle of the Beam-Based Profilers


A schematic of the beam-based tool edge profiler is illustrated in Figure 2. A double-sided beam probe is employed in the figure to explain the measurement principle. As can be seen in Figure 2, the probe unit is composed of the displacement sensor and the probe unit. A probe holder is also employed in the probe unit to mount the probe onto the displacement sensor in such a way that the beam deflection along the direction of the axis of the stylus can be measured by the displacement sensor. The whole probe unit is mounted on a precision positioning system capable of traveling along the X and Z directions. It should be noted that the axes of the positioning system are aligned to the measuring coordinate system. The probe displacements along the X and Z directions can be detected by the encoders integrated into the positioning system.



Although conventional stylus-based scanning measuring instruments are effective solutions for surface profile measurement, the scanning procedure could give damage to the surface under measurement when the measuring force is not small enough. In addition, the Z-directional measurement range of most of the conventional stylus-based surface profiler is limited [31], and an additional feedback control system is required to extend the limited Z-directional measurement range. The tool edge profiler developed in this paper is expected to address the above issues by employing a positioning system with a large stroke, as well as the beam-based probe with low beam stiffness. Furthermore, an intermittent measuring method is employed; in this method, the probe unit is employed as a touch-trigger probe to carry out the cutting tool edge measurement. As can be seen in Figure 2, the probe unit is set at a certain X-position (x0); the probe unit is driven to keep approaching the sample surface by the positioning system until the reading of the displacement sensor activates the trigger value mtrig. Here, we denote the initial and final Z-positions of the probe unit as ZInit and ZFin, respectively. Thus, the distance between the original Z-position and the sample surface h(x0) can be obtained by the following equation:


  h  (   x 0   )  =  Z  Fin    (   x 0   )  −  Z  Init    (   x 0   )  −  m  i d e a l    (   x 0   )  +  L s  ,  



(1)




where mideal(x0) is the reading of the displacement sensor at the final Z-position, and Ls is the length of the stylus.



Then, by moving the probe unit along the X-direction step by step, the probing procedure described above can be repeated at different X-positions. h(xi), the Z-directional distance between the original Z-position and the sample surface at X-position xi, can be expressed as follows:


  h  (   x i   )  =  Z  Fin    (   x i   )  −  Z  Init    (   x i   )  −  m  i d e a l    (   x i   )  +  L s  .  



(2)




Thus, the surface profile f(x) can be obtained by the variation of h(x). From Equations (1) and (2), f(xi) can be written as follows:


  f  (   x i   )  = h  (   x i   )  − h  (   x 0   )  =  [   Z  Fin    (   x i   )  −  Z  Init    (   x i   )  −  m  i d e a l    (   x i   )   ]  −  [   Z  Fin    (   x 0   )  −  Z  Init    (   x 0   )  −  m  i d e a l    (   x 0   )   ]   



(3)




In the ideal measurement situation, the readings of the displacement sensor, mideal(x), at the measurement points should be equal to the trigger value mtrig. Moreover, the original Z-position of every measurement point is set to be the same in the measuring coordinate system, as shown in Figure 2, and ZInit(x) is also a constant value. Thus, Equation (3) can be modified as follows:


  f  (   x i   )  =  Z  Fin    (   x i   )  −  Z  Fin    (   x 0   )  .  



(4)







It should be noted that Equation (4) comes from a condition when assuming the readings of the laser displacement sensor m(xi) is a constant value. However, in the practical case, some factors, such as mechanical vibration and control system delay, make m(xi) variable. Significantly, when a point on a slope is detected, the slip of the stylus on the measuring surface could affect m(xi). Therefore, to improve the measurement accuracy, the readings of the laser displacement sensor are introduced into Equation (4) as a compensation item. The surface profile f(x) can then be rewritten as follows:


  f  (   x i   )  =  Z  Fin    (   x i   )  −  Z  Fin    (   x 0   )  − m  (   x i   )  + m (  x 0  ) .  



(5)







According to Equation (5), surface profile f(x) can be evaluated by the Z-directional displacement of the probe given by the positioning system.




2.2. Construction of the Profilers


The geometric design of the cantilever beam and double-sided beam (referred to as V-beam and X-beam, respectively, in the following) are illustrated in Figure 3. As can be seen in the figure, both beams are the same size in the Y-direction, while the X-beam is twice the size of the V-beam in the X-direction. In addition, the positions of the styli with respect to the probe holder are designed to be the same. This similar dimensional characteristic is to ensure that the measurement point of the displacement sensor falls exactly at the fixed point of the stylus. It should be noted that the size of both profilers’ beams in this paper is determined by the size of the displacement sensor employed to measure the deformation of the beam.



Moreover, to avoid the slip of the stylus tip in the measurement process, the lateral force to be applied to the stylus should be less than the maximum static friction force. Denoting the maximum static friction force as F and the measuring force as N, the following relationship should be satisfied:


  N ⋅ cos ( θ ) < F ,  



(6)




where θ is the angle of the probe with respect to the normal of the measuring surface. To suppress the tip slip and reduce the damage to the measuring surface as much as possible, the measuring force N was determined to be 0.1 mN in this paper. It should be noted that the asymmetric beam deformation when measuring a surface with a slope angle could affect the reading of the displacement sensor in the probe unit and could affect the measurement repeatability; however, this could be suppressed by reducing the beam deformation through reducing the measuring force.



Assuming that a load of 0.1 mN is applied to the stylus tip, by changing the thickness of the beams, the amount of the deflection can be simulated based on the finite element method (FEM). Figure 4a,b show the fitted curves that reflect the relationship between the beam thickness and the deflections under 0.1 mN load. Obviously, when the same load is applied to the V- and X-beams with the same thickness, the deformation of the V-beam is much larger than that of the X-beam; this means that the profiler with the cantilever beam can achieve a larger measurement range in the Z-direction in practical measurement. For instance, when the thickness of both beams is set to be 0.2 mm and the measurement force is below 0.1 mN, the Z-direction measurement range of the profiler with the V-beam can reach 145 µm, while that of the profiler with the X-beam reaches only 8.1 µm.



In addition, the spring constant of the two kinds of flexible beams was also evaluated experimentally by employing the experimental setup shown in Figure 5. In the figure, only the setup with a 0.2-mm-thick X-beam is indicated, for the sake of simplicity. For edge radius measurement, a tungsten stylus with a spherical tip having a radius of 2 μm will be mounted on the beam; however, it was detached from the beam temporarily in the evaluation experiments of the beam spring constant to protect the load cell. A laser displacement sensor (LK-H008, Keyence, Osaka, Japan) based on laser triangulation was employed to measure the deflection of the beam. It should be noted that the laser spot of the displacement sensor on the beam was aligned to be behind the stylus so that the Z-directional displacement of the stylus could be measured. The beam holders and the laser displacement sensor were mounted on the probe base to construct the probe unit. The probe unit was mounted on the two-axis positioning unit composed of two single-axis DC servo motor stages (M-112.1DG, Physik Instrumente GmbH, Karlsruhe, Germany) aligned orthogonally to each other. The rotary-encoder-based displacement sensors embedded in the stages can measure the X- and Z-directional displacements of the stage system, and the encoder readings were employed to monitor the position of the probe unit.



To evaluate the spring constant of the flexible beams, the probe unit was moved along the Z-direction by the positioning system to push a load cell, which is employed to detect the applied load; and the laser displacement sensor was used to measure the deflection of the beam. Figure 6a,b show the experimental results of the cantilever beam and the double-sided beam, respectively. In the figure, fitted lines obtained based on the least-squares method were also plotted. According to the experimental results, the spring constants of the V-beam and the X-beam were evaluated to be 103.2 μm/mN and 5.2 μm/mN, respectively; these results well agreed with the simulation results obtained by FEM.



Regarding the results of FEM simulation and experiments, it can be concluded that the V-beam has a larger measurement range in the Z-direction and is more sensitive to the forces than the X-beam. However, in practical surface profile measurement, we should consider not only the measurement range and sensitivity of the measurement system but also the system’s robustness against environmental factors, such as temperature, vibration, and so on.



After the evaluation of the spring constants of two kinds of flexible beams, the stability of the profiler was also evaluated. Since the Z-position of the measurement point is obtained in the state when the stylus is in contact with the measuring surface and the contact force is 0.1 mN, the stability evaluation experiments were also conducted under a load of 0.1 mN to the probe. A measurement duration was set to be 30 s, while the sampling frequency was set to be 1 kHz. Figure 7 shows the variations of the reading of the laser displacement sensor in the probe units when employing the two types of beams. Peak-to-peak values are employed to evaluate the stability of the profiler with the cantilever beam and the double-sided beam were evaluated to be 0.82 μm, and 0.72 μm, respectively. These results demonstrated that the profiler could achieve better stability with the double-sided beam in the profile measurement.





3. Measurement of the Micro Edge Profile of a Cutting Tool


In this section, a series of experiments were carried out to verify the measurement capability of two kinds of probes. Figure 8 shows a schematic of the cutting tool, where W is the edge width that determines the cutting performance of the cutting tool, and α is the slope angle. It can be observed that a cutting edge can be divided to be three portions: Up-slope, Down-slope, and Top-Flat. Therefore, it is necessary to evaluate the measurement performance of the profilers at the different portions. In order to achieve sufficient measurement repeatability for precision measurement of the micro tool edge, the thickness of the single-end-supported beam was designed to be 0.5 mm since the thicker flexible beam has better stability. Meanwhile, taking the sensitivity into consideration, the thickness of the double-sided beam was designed to be 0.2 mm.



Before using the developed system for tool sample measurement, the measurement repeatability of the profiler with the two types of probes was evaluated. Figure 9 shows the results of the repeated measurements at three different points on the tool surfaces (referred to as Up-slope, Down-slope and Top-Flat, respectively). Standard deviations of the measurement repeatability with the cantilever beam, at the Up-slope, Down-slope, and Top-Flat, were evaluated to be 0.731 μm, 0.187 μm, and 0.089 μm, respectively, while those with the double-sided beam at the Up-slope, Down-slope, and Top-Flat were evaluated to be 0.056 μm, 0.047 μm, and 0.058 μm, respectively. It can be clearly seen that the measurement repeatability with the double-sided beam is much better than those with the cantilever beam. Even on the Up-slope, the measurement repeatability of the cantilever beam was approximately ten times worse than those with the double-sided beam. The reason is that the cantilever beam is more susceptible to vibrations caused by the motion of the positioning system during the measurement process, which deteriorates the measurement repeatability. Therefore, compared to the cantilever beam, the double-sided beam is more robust against environmental disturbances.



Intermittent measurement was conducted afterward by using two types of probes to investigate the measurement repeatability at Up-slope, Down-slope, and Top-Flat. The measurement interval was set to be 5 μm, and ten points were measured. Five repetitive trials were carried out at each X-position to evaluate the repeatability of the intermittent measurement; the measurement results with the cantilever beam and the double-sided beam are shown in Figure 10a,b, respectively. For each profile measurement result, a mean value (blue plots in the figures) was calculated based on the five sets of experimental data, and the difference of each of the profiles from the mean value of five trials is also plotted as the scatters plot. It can be seen that the plots obtained by the cantilever beam at the Up-slope, Down-slope, and Top-Flat distribute in ranges of 3.09 μm, 2.39 μm, and 1.03 μm, respectively. On the other hand, the plots obtained by the double-ended beam profiler at the Up-slope, Down-slope, and Top-Flat were found to distribute in ranges of 1.20 μm, 0.46 μm, and 0.16 μm, respectively. Moreover, the standard deviation at every measuring point was calculated, as well. The maximum of those obtained by the cantilever beam on each surface (Up-slope, Down-slope, and Top-Flat) was evaluated to be 1.045 μm, 0.813 μm, and 0.343 μm, respectively. Meanwhile, the maximum standard deviation measured by the double-ended beam profiler on each surface (Up-slope, Down-slope, and Top-Flat) was evaluated to be 0.419 μm, 0.171 μm, and 0.054 μm, respectively. Through the experimental comparison between the two different probes, we can clearly observe that higher measurement accuracy and repeatability can be achieved in the profile measurement by using a measurement system with the double-sided beam, even though the sensitivity of beam deflection against the applied load becomes much lower than that of the cantilever probe.



Figure 11 shows an example of the profile of the left edge (including Up-slope and Top-Flat) of a cutting tool with a slope angle of 45° measured by the double-sided probe. The tool edge was measured four times, and the results are plotted in the figure. Similar to Figure 10, the blue plots in Figure 11 indicate mean values at every measuring point, and the differences from the mean values are plotted as scatter plots. As can be seen in the figure, the distribution range of the plots at the slope part is much broader than that at the flat part; these results well agree with the results in Figure 10.




4. Measurement Uncertainty Analysis


For the theoretical comparison of the measurement capability of the two types of probes, measurement uncertainty analysis is carried out based on GUM [34]. As can be seen in Equation (5), the surface profile can be evaluated by the Z-directional displacement of the positioning system Z(x) detected by the embedded encoder, and the deflection of the flexible beam m(x) measured by the laser displacement sensor in the probe unit. Taking into account the measurement principle and the constructions of two kinds of profilers in this paper, uncertainty sources come from the X- and Z-axis moving stages, as well as from the probe unit. The contributions of the moving stages include the resolution of the positioning system (uZ_Resolution), the linear motion error (uX_Linear and uZ_Linear, respectively), the calibration error (uX_Calibration and uZ_Calibration), the squareness error between two moving axes (uX_Squareness and uZ_Squareness), and the angular motion error (uX_angle and uZ_angle). On the other hand, the contribution of the probe unit contains the repeatability of the probing (uZ_Probing) (including the sources of the stability of the laser displacement sensor and the thermal deformation of the probe unit), the resolution, and misalignment of the laser displacement sensor (um_Resolution and um_Alignment, respectively). It should be noted that the contributions from the undesired deformation of the flexible beam and the stylus slip are also included in the repeatability of the probing, which is evaluated by the experiments. Resolutions of the positioning system and the displacement sensor obtained from the datasheets were 1 nm and 6.9 nm, respectively. Assuming the rectangular probability distribution, contributions by the resolutions were then calculated to be   1 / 2  3   (=0.289) nm and   6.9 / 2  3   (=1.992) nm, respectively. According to the specification of the positioning stages employed in this paper, the uncertainty of the stage calibration along its driving axis was 0.10 μm. Therefore, the contribution of the calibration of the Z-stage was evaluated to be   0.10 /  3    = 0.0577 μm, while that of the X-stage was evaluated to be    (  0.10 ∗ tan   60  °   )  /  3    = 0.10 μm by considering the case of measuring the Up-slope or Down-slope with the angle α of 60 degrees. The influences of the linearity of the stage motions should also be taken into consideration. According to reference [32], the linearity error of the stage in a limited travel range was approximately 1.0 μm. The contributions of the linearity of the Z- and X-stages, uZ_Linear and uX_Linear, respectively, were, thus, evaluated to be   1.0 /  3    = 0.577 μm and    (  1.0 ∗ tan   60  °   )  /  3    = 1.0 μm. Furthermore, the angular error motions of the stage systems were experimentally evaluated. Since the maximum angular error was evaluated to be 0.014° over the measurement range of 150 μm, and the distance between the rotational center and the measurement point is 100 μm, the uncertainty caused by the angular error motion can be calculated by the following equation:


   u  X _ A n g l e   =  u  Z _ A n g l e   = 100 ×    (  1 − cos 0.014 °  )    2  3    = 0.862 ×   10   − 6   μ m .  



(7)




Misalignment of the laser displacement sensor was within 0.1°; the contribution of this misalignment was then calculated to be:


   u  m _ A l i g n m e n t   = 100 ×    (  1 − cos 0.1 °  )    2  3    = 0.044 ×   10   − 3   μ m .  



(8)




In this paper, a right-angle prism was employed to align the axes of two linear stages aligned to be perpendicular to each other. According to the datasheet, the angle tolerance of the prism was 0.033°. Therefore, the contributions by the squareness errors were evaluated as follows:


   u  X _ S q u a r e n e s s   = 150 ×   sin 0.033 °   2  3    = 0.025 μ m ,  



(9)






   u  Z _ S q u a r e n e s s   = 150 ×    (   1 /  cos 0.033 °    )  − 1   2  3    = 7.182 ×   10   − 6   μ m .  



(10)







Table 1 shows the uncertainty budget and the combined uncertainty uc of two profilers evaluated based on the following equation:


   u c  =      u  Z _ P r o b i n g  2  +  u  Z _ R e s o l u t i o n  2  +  u  m _ R e s o l u t i o n  2  +  u  m _ A l i g n m e n t  2      +  u  X _ A n g l e  2  +  u  Z _ A n g l e  2  +  u  X _ S q u a r e n e s s  2  +  u  Z _ S q u a r e n e s s  2      .  



(11)







As can be seen in the table, the uncertainty of the profiler with the cantilever beam was larger than that with the double-sided beam; this is mainly due to the quite low repeatability of the probing with the cantilever beam. The expanded uncertainties U with a coverage factor of k = 2 (95% confidence) for measurement of the profile with the cantilever beam and the double-sided beam were evaluated to be 2.74 μm and 2.32 μm, respectively. The result of theoretical analysis also verified that higher measurement accuracy can be achieved by the profiler with the double-sided beam.




5. Conclusions


In this paper, two types of probes with a cantilever beam and a double-sided beam designed for a tool edge profiler for on-machine measurement of a precision cutting tool have been presented and compared in aspects of measurement principle, construction, and measurement capability. Some experiments and FEM simulations have been carried out, and the obtained results have demonstrated that the profiler with the cantilever beam has a higher sensitivity and wider Z-directional measurement range, while that with the double-sided beam can achieve better stability. Measurement repeatability and accuracy of the profiler with the two types of probes have also been evaluated, and the cutting tool samples measured afterward. The experimental results have shown that the profiler with the double-sided beam has achieved better measurement repeatability (0.058 μm) compared to the one with the cantilever beam (0.731 μm). These results have also been verified by the theoretical evaluation through measurement uncertainty analysis. The experimental and theoretical evaluations have demonstrated that the beam profiler employing the double-sided beam can realize the more precise measurement of the tool cutting edge profile and is more robust and less demanding on measurement environment, which makes it more suitable for on-machine measurement of the precision cutting tools in a practical case.
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Figure 1. Measurement error caused by undesired deflection: (a) Undesired deformation; (b) desired deformation. 
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Figure 2. The measurement principle of the tool edge profiler. 
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Figure 3. Schematic of the flexible beam: (a) cantilever beam; (b) double-sided beam. 
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Figure 4. The simulation results obtained by FEM: (a) V-beam; (b) X-beam. 
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Figure 5. Experimental setup for evaluation of the spring constant. 
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Figure 6. Evaluation results of the spring constant: (a) V-beam; (b) X-beam. 
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Figure 7. Stability of two kinds of profilers. 
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Figure 8. Schematic of a cutting tool. 
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Figure 9. Measurement repeatability: (a) With cantilever beam; (b) with double-sided beam. 
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Figure 10. Cutting edge measurement results: (a) Measured by the cantilever beam profiler; (b) measured by the double-sided beam profiler. 
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Figure 11. The left edge (including Up-slope and Top-Flat) of a cutting tool with a slope angle of 45° measured by the double-sided beam probe. 
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Table 1. Uncertainty budget.
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Source of Uncertainty

	
Symbol

	
Type

	
Standard Uncertainty μm




	
Cantilever Beam

	
Double-Sided Beam






	
Repeatability of the probing

	
uZ_Probing

	
A

	
0.7307

	
0.0579




	
Resolution of the Z-directional positioning

	
uZ_Resolution

	
B

	
1.992 × 10−3

	
1.992 × 10−3




	
Calibration error of the X-axis

	
uCalibration_X

	
A

	
0.100

	
0.100




	
Calibration error of the Z-axis

	
uCalibration_Z

	
A

	
0.0577

	
0.0577




	
Linear error motion of the positioning system about the X-axis

	
uX_Linear

	
A

	
1.000

	
1.000




	
Linear error motion of the positioning system about the Z-axis

	
uZ_Linear

	
A

	
0.577

	
0.577




	
Resolution of the laser displacement sensor

	
um_Resolution

	
B

	
0.289 × 10−3

	
0.289 × 10−3




	
Misalignment of the laser displacement sensor

	
um_Alignment

	
B

	
0.044 × 10−3

	
0.044 × 10−3




	
Angular error motion of the positioning system about the X-axis

	
uX_Angle

	
A

	
0.862 × 10−6

	
0.862 × 10−6




	
Angular error motion of the positioning system about the Z-axis

	
uZ_Angle

	
A

	
0.862 × 10−6

	
0.862 × 10−6




	
Squareness error of the positioning system about the X-axis

	
uX_Squareness

	
B

	
0.025

	
0.025




	
Squareness error of the positioning system about the Z-axis

	
uZ_Squareness

	
B

	
7.182 × 10−6

	
7.182 × 10−6




	
Combined uncertainty

	
uc

	
1.371

	
1.162




	
Expanded uncertainty

	
U = kuc

	
k = 2

	
2.74

	
2.32
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