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Abstract:



This paper presents a system that can be used for micro-hole measurement; the system comprises an optical fiber stylus that is 5 µm in diameter. The stylus deflects when it comes into contact with the measured surface; this deflection is measured optically. In this study, the design parameters of the optical system are determined using a ray-tracing method, and a prototype of the probing system is fabricated to verify ray-tracing simulation results; furthermore, the performance of the system is evaluated experimentally. The results show that the design parameters of this system can be determined using ray-tracing; the resolution of the measurement system using this shaft was approximately 3 nm, and the practicality of this system was confirmed by measuring the shape of a micro-hole 100 µm in diameter and 475 µm in depth.
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1. Introduction


In recent years, there has been an increasing demand for a method that can measure the accuracy of micro-holes in fuel injector nozzles, nozzles for spinning chemical fibers, optical fiber ferrules, medical devices, mechanical micro-parts, micro-electromechanical systems, micro-molds, optical devices, semiconductors, etc. The diameters of micro-holes range from several µm to several hundred µm. Therefore, a stylus shaft with a diameter smaller than 10 µm is required to investigate these micro-holes. However, it is very difficult to precisely measure the shapes of micro-holes that have large length/diameter (L/D) ratios because of the difficulties encountered during probe fabrication and the complexities involved in employing a sensing method that uses a small measuring force. Many studies have been reported on micro-hole measurement techniques employing a variety of probes such as optical probes [1,2,3], vibroscanning probes [4,5], vibrating probes [6,7,8,9,10,11,12], tunneling effect probes [12,13], opto-tactile probes [14], fiber probes [15,16], optical trapping probes [17], and diaphragm or flexure based probes using an elastic mechanism [18,19,20,21,22,23,24,25,26,27].



This paper presents a system for micro-hole measurement using an optical fiber stylus; this stylus is a type of displacement-measuring probe with low contact force and a wide measuring range; moreover, this stylus is easy to fabricate. The diameter of the stylus shaft is smaller than 3 µm, and the stylus shaft has an aspect ratio larger than 200. The stylus shaft is fabricated using an acid etching technique [28]. In general, the stylus shaft must be rigid to transmit the measuring force acting on the stylus tip to the force detection mechanism installed at the root of the stylus shaft. However, because the proposed probe measures the deflection amplitude of the stylus shaft using a laser-based non-contact method, the stylus shaft need not be rigid; this principle also applies to styluses with much smaller diameters and longer lengths. In this study, the design parameters of the optical system are determined using ray tracing, and a prototype of the measuring system is fabricated to verify the simulation results.




2. Measurement Principle


Figure 1 shows an illustration of the probing system and a photograph of the fiber stylus. The fiber stylus consists of a shaft (optical fiber) and a stylus with diameters of 3 and 5 µm, respectively (Figure 1b). The probing system consists of the fiber stylus, two laser diodes (LDX, LDY), and two dual-element photodiodes (PX, PY) facing the X and Y directions. The stylus shaft is fabricated using an acid etching technique [28]. First, the step index multi-mode optical fibers (core diameter: 100 µm, clad diameter: 125 µm) were stripped of their plastic layers. The tips of the fibers were then immersed in a hydrofluoric acid solution, and hydrofluoric acid etching was carried out at room temperature (23 °C). The diameter of the probe shaft was measured with an optical microscope. After this process, the stylus shaft was rinsed with water and acetone. After fabricating the probe shaft, the shaft’s tip was immersed in ultraviolet curing resin and then moved into contact with a glass probe sphere. Next, the probe shaft and sphere were irradiated by ultraviolet rays and glued together. Figure 1b shows a photograph of a stylus shaft glued to a stylus tip, the two parts having diameters of 3 µm and 5 µm, respectively. The stylus shaft is fixed to a tube-type piezo driver element to perform attitude adjustment of the stylus shaft; the stylus shaft is installed between the laser diodes and the dual-element photodiodes, which are oriented orthogonally (Figure 1a). The stylus shaft is irradiated by two focused laser beams emitted by the two laser diodes through condenser lenses in the X and Y directions. The dual-element photodiodes, PX and PY, are located opposite to the laser diodes, LDX and LDY, with respect to the stylus shaft, respectively. Each laser beam penetrating the stylus shaft impinges upon the corresponding dual-element photodiodes. The light intensities detected by PX and PY are converted into voltage signals and are represented as IPX1, IPX2, IPY1 and IPY2 (V). Figure 2 shows the measurement principle in the case where the diameter of the stylus shaft is larger than approximately 10 µm. Before the stylus tip comes into contact with the measured plane, the light intensity measured by each element of the dual-element photodiode is equal, as shown in Figure 2a (i.e., IPX1 = IPX2, IPY1 = IPY2). When the stylus tip comes into contact with the measured plane in the +X direction, the stylus shaft is displaced and the light intensity of each element of the dual-element photodiode becomes unequal, as shown in Figure 2b (i.e., IPX1 = IPX2, IPY1 > IPY2). When the stylus shaft is displaced in the +X direction, the angle of refraction of the laser beam passing through the stylus shaft in the Y-direction changes owing to a shift in the part of the stylus shaft being irradiated. Additionally, when the stylus tip comes into contact with the measured plane in the +Y direction, the stylus shaft is displaced, and the light intensity of each element of the dual-element photodiode becomes unequal, as shown in Figure 2c (i.e., IPX1 > IPX2, IPY1 = IPY2). On the basis of these changes in light intensities, the contact direction and magnitude of the stylus tip can be ascertained. When the stylus tip comes into contact with the measured plane in the Z-direction, the stylus shaft buckles and deflects. This deflection is also measured using the above-mentioned method.


Figure 1. Measurement system using an optical fiber probe. (a) Schematic diagram of probing system; (b) Fiber stylus.
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Figure 2. Principle of measurement. (a) Initial stage; (b) displacement in the X-direction; (c) displacement in the Y-direction.
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The displacement of the fiber stylus is magnified by the stylus shaft, which works as a rod lens. The surface of the micro-hole is scanned in the XYZ directions using a precision stage, and the accuracy of the micro-hole is measured by recording the coordinates of the contact points and the displacement of the fiber stylus.



The output signal IX in the X direction obtained using IPY1 and IPY2 and the output signal IY in the Y direction obtained using IPX1 and IPX2 are defined by Equations (1) and (2), respectively.




IX = IPY1 − IPY2



(1)






IY = IPX1 − IPX2



(2)





In general, the stylus shaft must be rigid to transmit the measuring force acting on the stylus tip to the force detection mechanism installed at the root of the stylus shaft. However, because the proposed probe measures the deflection amplitude of the stylus shaft using a laser-based non-contact method, the stylus shaft need not be rigid; this principle also applies to styluses with much smaller diameters and longer lengths. This measurement system measures the deflection of the stylus shaft; however, it does not directly measure the displacement of the stylus tip. The noise present in IX and IY is removed via synchronous detection using a lock-in amplifier. The displacement of the stylus is magnified by using it as a rod lens. The surface of the microstructure is measured by recording the displacement of the stylus shaft as well as the coordinates at which the stylus comes into contact with the measured surface.




3. Optical Analysis to Determine the Relationship between Stylus Tip Displacement and the Output Signal


3.1. Analysis Method


When the displacement of the fiber stylus is detected, the resolution of the optical system is changed by the distance L0 between the focal position of the condenser lens and the stylus shaft, the distance L1 between the stylus shaft and the dual-element photodiode, and the diameter D of the stylus shaft. In this study, the design parameters of the optical system are determined using the three-dimensional ray-tracing method.



First, random numbers with a Gaussian distribution are generated using the Box-Muller method [29], and one hundred million rays based on this distribution are radiated from the condenser lens. The radiation intensity distribution of this laser beam is assumed to be a Gaussian distribution. In the simulation of the ray-tracing method, the intensities detected by each photodiode are defined as the relative intensities for all rays and are expressed as IX (%) and IY (%). The rays are then traced through the optical system, and the intensity expected at each photodiode is calculated. The stylus shaft is used as a rod lens. Therefore, part of the laser beam can be collimated after passing through the stylus shaft by aligning the laser beam spot and the stylus shaft, and part of the laser beam diverge. Table 1 lists the simulation conditions. Figure 3 shows the trajectory of a ray incident on the laser-irradiated part of the stylus shaft in the XY plane. Table 2 lists the nomenclature used for the simulation calculations. The spatial coordinate, P3(x3, y3, z3), of the beam at the surface of the photodiode is estimated by:
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(3)
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(4)
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(5)






Figure 3. Ray trajectory in the optical system.
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Table 1. Simulation conditions.







	
Laser source

	
Wavelength: 650 nm




	
Stylus shaft diameter, D

	
3 µm




	
Refractive index of the stylus shaft

	
1.457




	
Distance between planes 0 and 1, L0

	
10 µm




	
Distance between planes 2 and 3, L1

	
40, 80, 120 mm




	
Numerical aperture of the condenser lens

	
0.13




	
Displacement, X

	
−1.0 to 1.0 µm, −7.0 to 7.0 µm




	
Area of the dual-element photodiode

	
5 × 10 mm










Table 2. Nomenclature used for simulation calculations.







	
X, Y, Z

	
Coordinates of the optical system




	
D

	
Diameter of the stylus shaft




	
L0, L1

	
Distances between plane 0 and plane 1, plane 2 and plane 3




	
n0, n1

	
Refractive indices of the target planes




	
W1, W2, W3

	
Beam heights of the target planes
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Tilt angles for the optic axis (X-direction)
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Tilt angles for the optic axis (Z-direction)
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Angles between the normal line drawn on the spherical surface and the optic axis
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Angles of incidence
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Angles of refraction
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Offset of a laser spot on the fiber surface from plane-1










Figure 4 shows a graphical display of the ray tracing result when the stylus shaft is displaced to Y = −0.5 µm.


Figure 4. Graphic display of ray-tracing (movement of the stylus shaft to Y = −0.5 µm).
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3.2. Conversion to Stylus Tip Displacement


The displacement of the laser-irradiated part of the stylus shaft in the simulation is converted to that of the stylus tip. As shown in Figure 5 and Figure 6, the length of the stylus shaft is 1 mm, and the distance between the stylus tip and the laser-irradiated part of the stylus shaft is 0.5 mm. Therefore, the displacement of the stylus tip is magnified to approximately three times that of the laser-irradiated part of the stylus shaft when the stylus shaft is regarded as the cantilever beam of a rigid support.


Figure 5. Schematic diagram of the probing system.
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Figure 6. Photograph of the fiber stylus.
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3.3. Simulation Results


Figure 7 and Figure 8 show the ray-tracing simulation results for the case where the stylus shaft is displaced from −7 to +7 µm in the X direction. L0 is selected such that all rays intersect with the stylus shaft. Figure 7 shows the simulation result of IY for distances L1 = 40, 80, and 120 mm. Since IY changes only slightly, the sensitivity relative to the X direction is low.


Figure 7. Simulation results for IY for distances L1 = 40, 80, and 120 mm (X displacement of the stylus tip = ±7 µm).
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Figure 8. Simulation results for IX for distances L1 = 40, 80, and 120 mm (X displacement of the stylus tip = ±7 µm of the stylus).
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Figure 8 shows the simulation results of IX for distances L1 = 40, 80, and 120 mm under the same conditions. The rate of change of IX is maximum for L1 = 40 and 80 mm. The slope of the curve for L1 = 120 mm is gradual, resulting in low resolution. The resolution and the measuring range change as a function of the diameter of the stylus shaft. Therefore, the design parameters must be determined as functions of the system specifications.





4. Characteristics of the Stylus during Displacement Detection


Figure 9 and Figure 10 show the experimentally measured changes in IX and IY for the distances L1 = 40 mm when the measured surface approaches the stylus tip by 1 nm in the X direction. The horizontal axis represents the displacement of the stylus tip, and the vertical axis represents the changes in IX and IY. We find that IY changes slightly when the stylus tip is displaced in the X direction. However, because IX remains linear for displacements over approximately ±3 µm, it is possible to use the fiber stylus as a displacement sensor for the X direction.


Figure 9. Output voltage of IY for a distance L1 = 40 mm (X displacement of the stylus tip).
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Figure 10. Output voltage of IX for a distance L1 = 40 mm (X displacement of the stylus tip).
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The experimental results are linear in the range of approximately ±3 µm, but the simulation results are linear in the range of approximately ±0.6 µm. That is, the results of the simulation do not agree with those of the experiment.



Since the laser beam size on the stylus shaft is larger than the diameter of the stylus shaft (3 µm), the results of the simulation are different from those of the experiment. Therefore, in the next simulation, the laser beam size was taken into consideration.




5. Optical Analysis Taking Laser Beam Size into Consideration


5.1. Analysis Method


In this simulation, the laser beam diameter at the laser-irradiated part of the stylus shaft is considered. The laser beam diameter is aproximately 10 µm. Table 3 lists the simulation conditions. The numerical aperture of the condenser lens is 0.13. The stylus shaft is positioned at the same position described in Section 3.3. Figure 11 shows a graphical display of the ray-tracing result when the stylus shaft is displaced to Y = −1 µm. The analysis procedure is the same as that described in Section 3.1.


Figure 11. Graphic display of ray tracing (movement of the stylus shaft toward Y = −1 µm); the right figure is obtained by thinning the rays.
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Table 3. Simulation conditions.







	
Laser Source

	
Wavelength: 650nm




	
Stylus shaft diameter, D

	
3 µm




	
Refractive index of the stylus shaft

	
1.457




	
Distance between planes 0 and 1, L0

	
10 µm




	
Distance between planes 2 and 3, L1

	
40 mm




	
Numerical aperture of the condenser lens

	
0.13




	
Displacement, X

	
−7.0 to 7.0 µm




	
Laser beam diameter, DL

	
10 µm




	
Area of the dual-element photodiode

	
5 × 10 mm











5.2. Simulation Results


Figure 12 and Figure 13 show the ray-tracing simulation results for displacement of the stylus shaft of ±7 µm in the X direction. Figure 12 shows the simulation result for IY for a distance of L1 = 40 mm. Figure 13 shows the simulation result for IX for a distance of L1 = 40 mm under the same conditions.


Figure 12. Simulation result for IY for a distance of L1 = 40 mm (X displacement of the stylus tip).
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Figure 13. Simulation result for IX for a distance of L1 = 40 mm (X displacement of the stylus tip).
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In addition, Figure 14 and Figure 15 show overlapping displays of ray-tracing simulation and experimental results for displacement of the stylus tip of ±7 µm in the X direction. It is very difficult to directly compare the value of simulation result and experimental result because there are many parameters such as the laser beam intensity, the sensitivity characteristic of dual-element photodiode and the gain amplifier. Therefore, the magnification of the vertical axis is determined so that the inclination of the simulation result at the origin agree with that of the experimental result as shown in Figure 15.


Figure 14. Simulation and experimental results for IY for a distance of L1 = 40 mm (X displacement of the stylus tip).
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Figure 15. Simulation and experimental results for IX for a distance of L1 = 40 mm (X displacement of the stylus tip).
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When the displacement ranges of the stylus tip are ±1.5 µm and ±3.0 µm, the linearity errors of the simulation values are ±0.13 %F.S. and ±0.89 %F.S., respectively. When the displacement ranges of the stylus tip are ±1.5 µm and ±3.0 µm, the linearity errors of the experimental values are ±1.06 %F.S. and ±4.79 %F.S., respectively. It seems that there is no problem if the probe operates in touch-trigger mode, but correction of the linearity error is required if using in scanning mode.



The simulation values for ray-tracing agree in terms of the inclination at the origin relative to the experimental values when laser beam size is taken into consideration. Therefore, the utility of the proposed simulation method is confirmed.



The measurement sensitivity depends on the diameter of the stylus shaft [28]. Therefore, it is necessary to calibrate the measurement sensitivity when the stylus is replaced. Additionally, there is a possibility that the cylindricity and roundness of the stylus shaft and tip influence the measurement sensitivity. The investigation of the influence of the cylindricity and roundness of the stylus shaft on measurement sensitivity is left as a future task.





6. Evaluation of Measurement Resolution


An experiment was conducted to evaluate the measurement resolution of the fiber probe. The changes in an output signal IX in the X direction were examined when the stylus tip was displaced by 3 and 10 nm steps in the X direction. The resolution of the stage in the X direction was 1 nm. Figure 16 shows the experimental apparatus used to evaluate the measurement resolution. Figure 17a,b show the output voltage IX induced by displacements of 3 nm and 10 nm in the step feeding of the stage in the +X direction. The horizontal axis shows the measurement time and the vertical axis shows the changes in the output signal IX in the X direction. It is possible to distinguish the 3 nm step, which shows that the measurement resolution of this system is approximately 3 nm. To improve the measurement resolution, it is necessary to reduce noise, develop a signal processing method, and use a high-power and stabilized laser diode. As for repeatability and more details on stylus performance, please refer to [28].


Figure 16. Schematic diagram for evaluating the measurement resolution.
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Figure 17. Output voltage IX induced by step feeding displacement. (a) 3 nm; and (b) 10 nm.
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7. Force Measurement


The load acting on the stylus tip, i.e., the measured force, is calculated by assuming that the optical fiber probe, which is 3 µm in diameter and 1 mm in length, is equivalent to a cantilever with fixed support. In other words, the measured force F is calculated by the deflection of the stylus shaft using Equation (6):


[image: there is no content]



(6)




where E, I, L, and DS are the Young’s modulus, geometrical moment of inertia, length of the stylus shaft, and displacement of the stylus tip. Figure 18 shows the measured force acting on the stylus tip under the assumption that the stylus shaft (Young’s modulus E = 72 GPa) is equivalent to a cantilever with fixed support. In this figure, the horizontal axis represents the displacement of the stylus tip, and the vertical axis represents the measured force acting on the stylus tip.


Figure 18. Measured force acting on the stylus tip (stem length: 1 mm, stem diameter: 3 µm, and ball diameter: 5 µm).
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8. Micro-Hole Measurement


The performance of the measurement system is examined by measuring a micro-hole with a diameter of 100 µm. The maximum hole depth (along the Z direction) for the measurement was approximately 475 µm. The hole was measured at every 15° in the circumferential direction and every 25 µm along the depth or Z direction. Figure 19 shows the measured hole profile. The maximum hole diameter within the range of our measurement was 104.18 µm.


Figure 19. Profile of φ100-µm micro-hole measured by the proposed measurement system.
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As noted in Section 3.2, the length of the stylus shaft was 1 mm and the distance between the stylus tip and the laser-irradiated part of the stylus shaft was 0.5 mm. Additionally, the diameter of the stylus tip was 5 µm. Therefore, it appears that the proposed probing system could measure a micro-hole with a diameter larger than 5 µm and a depth smaller than 500 µm.




9. Conclusions


In this study, a system that uses an optical fiber stylus to measure micro-hole accuracy was developed. The design parameters of this system were determined using a ray-tracing method. A trial measurement system was then fabricated and evaluated experimentally. The following results were obtained:

	(1)

	
The design parameters of the optical system were determined using a ray-tracing method.




	(2)

	
Optical analysis reveals that the ray-tracing simulation values agree in terms of the inclination at the origin relative to the experimental values when the laser beam size is taken into consideration. Therefore, the utility of the proposed simulation method was confirmed.




	(3)

	
The resolution of the measurement system using this shaft was found to be approximately 3 nm.




	(4)

	
The practicality of this system was confirmed by measuring the shape of a micro-hole 100 µm in diameter and 475 µm in depth.
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