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Abstract

:

For the traditional single-side planetary abrasive lapping process particle trajectories passing over the target surface are found to be periodically superposed due to the rational rotation speed ratio of the lapping plate to workpiece that could affect the material removal uniformity and hence its surface quality. This paper reports on a novel driving system design with combination of the tapered roller and contact roller to realize the irrational rotation speed ratio of the lapping plate to workpiece in the single-side planetary abrasive lapping process for the improvement of surface quality. Both of the numerical and experimental investigations have been conducted to evaluate the abrasive lapping performance of the novel driving system. It has been found from the numerical simulation that particle trajectories would theoretically cover the whole target surface if the lapping time is long enough due to their non-periodic characteristics, which can guarantee the uniformity of material removal from the surface of workpiece with relatively high surface quality. The encouraging experimental results underline the potential of the novel driving system design in the application of the single-side planetary abrasive lapping for the improvement of the surface quality in terms of surface roughness and material removal uniformity.
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1. Introduction


Abrasive machining technology as one of the non-traditional machining technologies has been extensively used for the precision lapping of planar surfaces [1,2] and polishing of curved surfaces [3,4], and to fabricate complicated parts on a variety of materials [5,6], especially the hard-to-machine materials, due to its extinct advantages of high flexibility and efficiency over other traditional machining technologies, such as cutting, drilling and milling, with geometric tools [7,8,9]. To be specific, abrasive polishing technology by using the mixture of abrasive particles and fluid is usually used to precision polishing of the complicated structures with free-form surfaces that cannot achieved by conventional methods. For instance, the 3D printing parts, which are formed by the melting and bonding powders under the high-energy laser [10], should be pre-polished by abrasive flow to obtain a better surface finish before they can be used in industry [11]. In addition, abrasive lapping technology by using the abrasive particles embedded on the lapping plate is often employed for the precision lapping of large and planar surfaces with high efficiency and quality, so that it would reduce the cost and time for the following ultra-precision polishing process, such as the chemical mechanical polishing process [12], to obtain the ultra-smooth planar surfaces with relatively low surface roughness and surface damage [13]. However, according to the Preston theory the lapping time, pressure and relative velocity between the lapping plate and workpiece would affect the material removal process; so how to control the uniformity of the material removal from the target surface during the abrasive lapping process becomes the major issue that also attracts much attention from researchers.



The planetary abrasive lapping process by means of the simultaneous rotation of the lapping plate and workpiece has been proposed to overcome the non-uniform distribution of their relative velocity and abrasive particle trajectories passing over the target surface at a given lapping pressure, so that kinematics involved in this process need to be addressed to understand the abrasive particle trajectories. Li et al. [14] proposed a generic analytical model of the periodicity in the single-side planetary abrasive lapping process to investigate the distribution of the abrasive particle trajectories moving on the target surface and to provide guidance for both lapping parameter optimization and lapping pad design for industrial purpose. Yuan et al. [15] investigated the kinematics and trajectory of abrasive particles involved in the both-sides planetary abrasive lapping process and proposed the optimized strategy for the improvement of the material removal uniformity on the surface of the bearing roller. In these studies, they only considered the rational rotation speed ratio of the lapping plate to workpiece and explored related kinematics to evaluate and optimize the distribution of the particle trajectories by properly controlling the processing parameters, while Wen et al. [16] first proposed the concept of the irrational rotation speed ratio when they employed the single-side planetary abrasive lapping technology to fabricate interdigitated micro-channels on bipolar plates and found that after a long lapping time the particle trajectories were not superposed periodically. However, the underlying science and its application for the improvement of the abrasive lapping performance have not been investigated yet.



In this paper, a novel driving system is first designed to realize the irrational rotation speed ratio of the lapping plate to workpiece in the single-side planetary abrasive lapping machine and its working mechanism is theoretically analyzed. Then, to improve the surface quality the distribution of particle trajectories moving on the surface of the workpiece by using the novel driving system is numerically studied to assess its material removal uniformity. Finally, a set of the single-side planetary abrasive lapping tests on single-crystal silicon wafers by employing the novel driving system and the traditional driving system, respectively, are carried out to experimentally evaluate its lapping performance.




2. Evaluation of Surface Quality with the Novel Driving System


2.1. Mechanism of the Novel Driving System to Realize the Irrational Rotation Speed Ratio


The design novelty of the proposed single-side planetary abrasive lapping machine, as shown in Figure 1, is to realize the irrational rotation speed ratio of the lapping plate to workpiece (wp/ww). This design consists of a novel driving system with a tapered roller and contact roller (Figure 1b-i) and a normal single-side planetary lapping device (Figure 1c-i), in which the working mechanism of the combination of the tapered roller and contact roller can be analyzed according to Figure 1b-ii as is detailed below.



The input rotation speed of the tapered roller (wi) was driven by a DC servo motor, and the press fitting friction between the tapered roller and contact roller would cause the rotation of the contact roller simultaneously, where the spline shaft was connected with the contact roller by the rectangle spline and it could rotate along the contact roller as well by the torque transmission. The fixture of the workpiece was connected to the bottom of the spline shaft, so that the output rotation speed of the spline shaft (wo) would be equal to the rotation speed of the workpiece (ww). Further, in Figure 1b-ii the contact roller was connected with the leading screw to realize its linear movement by adjusting the rotation angle of the screw rod, and thus, due to the changes of the relative position between the tapered roller and contact roller it could achieve the variations of the rotation speed ratio of the output to the input (wo/wi) in this novel driving system. To be specific, the rotation speed ratio, ioi = wo/wi, can be analyzed and calculated from Figure 1b-ii:


   i  o i   =    ω o     ω i    =   2 π R − ϕ h sin γ   2 π r    



(1)




where R is the radius of the tapered roller, r is the radius of the contact roller, h is the screw travelling distance, φ is the rotation angle of the screw rod and γ is the half conical angle of the tapered roller. Since the rotation speed of the spline shaft (wo) is equal to the rotation speed of the workpiece (ww), the rotation speed ratio (ipw) of the lapping plate to workpiece (wp/ww) can be expressed as:


   i  p w   =    ω p     ω w    =    ω p     i  o i    ω i    =    ω p     ω i      2 π r   2 π R − ϕ h sin γ    



(2)







In this novel driving system, some parameters of designed structures have been determined which include R = 123 mm, r = 45 mm, h = 2.5 mm and γ = 15°. If the input rotation speed (wi) driven by the DC servo motor assumed to be equal to the rotation speed of the lapping plate (wp) driven by the lapping machine, according to Equation (2) the variations of the ipw can be calculated by adjusting the rotation angle of the screw rod, φ and the results is shown in Table 1. It can be seen from Table 1 that the irrational rotation speed ratio (ipw) of the lapping plate to workpiece (wp/ww), such as 0.3819… and 0.4634…, can be realized by employing the novel driving system as designed in Figure 1.




2.2. Uniformity Assessment of Particle Trajectories Moving on the Surface of Workpiece by Using the Novel Driving System


Figure 1c-ii shows the working mechanism of the single-side planetary abrasive lapping process with schematic representation of its kinematics, and according to previous study [16] the trajectory of any point P(rp, θp) fixed on the lapping plate when it moves along the surface of workpiece can be found from:


  x =  r p  cos  (   θ p  +  ω p  t −  ω w  t  )  − e cos  (   ω w  t  )   



(3)






  y =  r p  sin  (   θ p  +  ω p  t −  ω w  t  )  + e sin  (   ω w  t  )   



(4)







It can be found from Equation (3) that particle trajectories on the workpiece are related to the original position of the abrasive particle fixed on the lapping plate, the eccentric distance (e) between O1 and O2, the rotation speed of the lapping plate (wp) and workpiece (ww). The numerical method is a powerful tool that is usually employed to address complicated problems that cannot be solved directly by an experiment [17,18], hence, by the assistance of Matlab the trajectories of single abrasive particle and multiple abrasive particles moving on the target surface can be simulated under different values of ipw, including the rational and irrational numbers, respectively. Thus, considering the experimental work to be given later in this paper the processing parameters involved in the simulation were set as follows: Rp = 230 mm, rw = 90 mm, e = 130 mm and wp = 10 RPM, as shown in Figure 1c-ii.



The single abrasive particle located at the polar position of rp = 90 mm, θp = 0° on the lapping plate was first employed to numerically investigate the effect of rotation speed ratios of the lapping plate to workpiece, ipw = 1, 4/3, 0.3819… and 0.4634…, on its trajectory moving along the target surface according to the Equation (3). Figure 2 and Figure 3 show the result on the relationship between the trajectory of the single abrasive particle on target surface and lapping time under the rational numbers of ipw, i.e., 1 and 4/3, and it can be indicated from these figures that the periodic and closed-loop trajectory is formed if the lapping time is long enough. By contrast, even after a long lapping time of 1000 s the trajectory of single abrasive particle moving on the target surface under the irrational numbers of ipw, i.e., 0.3819… and 0.4634…, is not periodic and superposed as can be depicted from Figure 4 and Figure 5. Thus, the non-periodic trajectory of single abrasive particle moving on the surface of workpiece is expected to improve the material removal uniformity and surface quality.



Then, in order to qualitatively and quantitatively evaluate the uniformity of trajectories by the multiple abrasive particles, 100 abrasive particles are randomly distributed on the lapping plate as presented in Figure 6 and their trajectories moving on the surface of the workpiece have been analyzed under rational and irrational numbers of ipw, i.e., 1 and 0.3819…, respectively. It can be seen from Figure 7 that when the lapping time is more than 6 s a minor variation of the trajectories can be found as compared with the lapping time of 10 s, and it demonstrates that when the lapping time is long enough the trajectories of multiple abrasive particles driven by the rational rotation speed ratio, ipw = 1, will be periodically superposed. However, it is interesting to notice from Figure 8 that the density of trajectories on target surface is increasingly large with an increment of lapping time at irrational rotation ratio, ipw = 0.3819…, as such, by further increasing the lapping time the trajectories of multiple abrasive particles are expected to cover the whole surface of the workpiece due to their non-periodic characteristics. Therefore, it is found from the qualitative study that within the same lapping time the distribution of particle trajectories on the target surface driven by the irrational number of ipw is denser and uniform than that driven by the rational number of ipw under the same processing parameters.



Further, a quantitative analysis [19] has been also conducted to assess the uniformity of trajectories by multiple abrasive particles on workpiece by the assistance of Matlab according to the following steps:



(1) To divide the target surface into small squares with density of 10 mm × 10 mm, as shown in Figure 9a, the red line squares;



(2) To count the numbers of trajectories passing over each square with Qi (i = 1, 2,…, N), as shown in Figure 9b, the total number of trajectories passing over each square at at ipw = 1 and lapping time t = 6 s.



(3) To calculate the Standard Deviation (SQ) of all the values of Qi according to the following equation:


   S Q  =       ∑  i = 1  n      (   Q i  −  Q ¯   )   2      n − 1      



(5)




where    Q ¯    is the average value of Qi;



(4) To calculate the Coefficient of Variation (CV) of Qi according to the following equation:


  C V =    S Q     Q ¯     



(6)







To consider the total lapping time of 600 s and the sampling step of 0.001 s, the results on the relation between the CV values and lapping time with respect to the different rotation speed ratios, ipw, of 1, 4/3, 0.3819… and 0.4634… are shown in Figure 10. As can be seen from Figure 10 that when the rotation speed ratios of the lapping plate to workpiece are rational numbers the values of CV rapidly decrease to be constant within the lapping time of about 100 s, and there is a large CV value difference between the ipw of 1 and 4/3. It is indicated that with rational number of ipw particle trajectories moving on the target surface would be periodically superposed after a certain lapping time and the relatively high values of CV means that the particle trajectories only pass over part of the target surface which could affect its material removal uniformity and hence, the surface quality. By contrast, the values of CV seem to gradually decrease until very small values with respect to the lapping time under the irrational rotation speed ratios of the lapping plate to workpiece, and there is no significant difference between the ipw of 0.3819… and 0.4634… in terms of CV values. As such, particle trajectories would theoretically cover the whole target surface if the lapping time is long enough, and it can guarantee the uniformity of material removal from surface of workpiece with relatively high surface quality as well.



The working mechanism of the novel driving system by combining a tapered roller and contact roller has been theoretically analyzed to realize the irrational rotation speed ratio of the lapping plate to workpiece, and uniformity assessment of particle trajectories moving on the target surface driven by this novel system has also been qualitatively and quantitatively investigated, in which the uniformity of material removal from the target surface is expected to be improved so that it would, in turn, improve its surface quality.





3. Performance Testing of the Novel Driving System


A set of the single-side planetary abrasive lapping tests on single-crystal silicon wafers by employing the novel driving system and the traditional driving system, respectively, were carried out to experimentally evaluate its machining performance. An in-house developed experimental device, as shown in Figure 11, was designed on the Nano-Max 9B single-side planetary abrasive lapping machine, in which the novel driving system was connected with a DC servo motor to realize the irrational rotation speed ratio of the lapping plate to workpiece, and the traditional driving system was connected with an asynchronous motor to realize the rational number of ipw.



The lapping plate (Maofeng Abrasive Material Co.Ltd, Dongguan, China) was made of resin bond (phenolic resin powder mixed with in a certain proportion of chromium oxide, zinc oxid, raphite and silicon carbide) diamond with mesh size of 1000# and concentration of 75%, and its dimensions were 460 mm in outer diameter, 60 mm in inner diameter and 15 mm in thickness, as shown in Figure 12a. The flatness of the lapping plate is between 0.001 and 0.004 mm, and the roughness is between 0.1 and 1.2 μm, which is suitable for precision lapping of silicon wafer, structural ceramics and other brittle-hard materials. In order to eliminate the influence of random free abrasive and grinding pressure on the evaluation of material removal uniformity, such as warpage deformation, the single-crystal silicon wafer was selected as the workpiece with diameter of 25.4 mm and thickness of 2 mm, and in order to evaluate the material removal uniformity 4, 6, 8 and 10 pieces of workpiece were considered and distributed in equal angle with each other on the workpiece fixture with diameter of 180 mm as depicted in Figure 12b. Further, both of the rational and irrational numbers of ipw, i.e., 1, 4/3, 0.3819… and 0.4634…, were considered in experiment, and the lapping pressure on the workpiece and the rotation speed of lapping plate for each experimental condition were set as constants of 1.5 kg and 10 RPM, respectively.



The overall surface morphology was inspected by using the Keyence VHX-1000 3D Digital Microscope (Keyence Corp., Itasca, IL, USA), while the detail of surface characteristics, including surface roughness and surface profile accuracy, were obtained with the assistance of the Veeco Wyko NT9800 Optical Surface Profiler (Veeco, Tucson, AZ, USA). The material removal mass for each workpiece before and after the experiment was measured by the Shimadzu AUW220D micro-balance (Shimadzu, Kyoto, Japan) with resolution of 0.01 mg, and each test was repeated at least three times and the average data were used for the further analysis.




4. Results and Discussion


Figure 13 shows the typical surface morphologies that are obtained from the single-side planetary abrasive lapping process at ipw = 1 and ipw = 0.3819…, respectively, under the lapping time of 1 h. It can be seen from Figure 13a that relatively large and deep scratches are found on the surface of workpiece, and they are formed due to the periodically superposed cutting actions by the abrasive particles. While by using the novel driving system to realize the irrational rotation speed ratio of the lapping plate to workpiece, ipw = 0.3819…, the surface seems to be smooth without significantly large scratches as illustrated in Figure 13b.



Further, surface characteristics, including surface roughness (Ra), root-mean-square value of surface profile height (Rq), maximum surface profile height (Rz) and maximum peak-valley difference (Rt), are observed with details as depicted in Figure 14. Obvious and deep scratches can be found from Figure 14a and only a part of the target surface has been lapped by the abrasive particles. However, clear lapped impressions which could almost cover the whole measured surface can be found from Figure 14b and they are evenly distributed in the target surface. Then, a quantitative analysis on the comparison between surface characteristics lapped at ipw = 1 and ipw = 0.3819… has been also conducted as shown in Table 2. It is found that, in general, the values of Ra, Rq, Rz and Rt measured from the target surface lapped at ipw = 0.3819… are less than that from ipw = 1, and to be specific the surface roughness, Ra, has been found to be reduced to 87.24 nm which demonstrates that a better surface finish can be achieved by using the novel driving system. It is also interesting to note that the root-mean-square value of surface profile height, Rq, is down to 117.69 nm at ipw = 0.3819… from 195.68 nm at ipw = 1, which indicates that the uniformity of the material removal from the target surface has been improved as well.



In addition, the analysis on the material removal mass of workpieces (lapping time of 1 h) distributed at different positions of the workpiece fixture has been carried out to experimentally evaluate the distribution of abrasive particles passing over the target surface and hence the material removal uniformity. It can be seen from Figure 15a that with irrational numbers of ipw, i.e., 0.3819… and 0.4634…, the material removal mass at each position of workpiece seems to be similar under the same experimental conditions while with a rational number of ipw = 1, the material removal mass at different positions of the workpiece is different. This finding is in agreement with the previous simulation result and verifies that the uniformity of particle trajectories moving on the surface of workpiece has been improved by using the irrational number of ipw. As such, the material removal uniformity from the target surface would be improved as well. Similar results can be found from Figure 15b, that by increasing the number of workpieces distributed on the workpiece fixture, as shown in Figure 12b, the material removal mass for each position of workpiece is still stable with irrational number of ipw = 0.3819…. Therefore, by qualitatively and quantitatively analyzing the surface morphology and characteristics it is found that the surface quality, including surface roughness and material removal uniformity, has been significantly improved by using the irrational number of ipw in the single-side planetary lapping process, and it could reduce the cost and time for the further ultra-precision polishing process with advanced robotics technology [20,21,22,23,24,25].




5. Conclusions


In this paper, a new concept of a driving system design with combination of the tapered roller and contact roller to realize the irrational rotation speed ratio of the lapping plate to workpiece, ipw, in the single-side planetary abrasive lapping process for the improvement of surface quality is presented. It has been found that the press fitting friction between the tapered roller and contact roller would cause the rotation of the contact roller simultaneously, where the spline shaft was connected with the contact roller by the rectangle spline and it could rotate along the contact roller as well by the torque transmission, and in this way by adjusting the rotation angle of the screw rod it could achieve the variations of the irrational rotation speed ratios of the output to the input in this novel driving system.



For concept validation, the uniformity assessment of particle trajectories moving on the target surface driven by this novel system has been qualitatively and quantitatively investigated. It is found from qualitative analysis that within the same lapping time the distribution of particle trajectories on the target surface driven by the irrational number of ipw is more dense and uniform than that driven by the rational number of ipw under the same processing parameters, and from the quantitative analysis that particle trajectories would theoretically cover the whole target surface if the lapping time is long enough, which can guarantee the uniformity of material removal from the surface of the workpiece with relatively high surface quality. Finally, an experimental study has been carried out to evaluate the abrasive lapping performance of the novel driving system. It has been found that not only does the surface roughness reduce to 87.24 nm, which demonstrates that a better surface finish can be achieved by using the novel driving system, but also that the material removal uniformity has been significantly improved by using the irrational number of ipw in the single-side planetary lapping process. Therefore, the encouraging results underline the potential for a novel driving system design in the application of the single-side planetary abrasive lapping for the improvement of the surface quality in terms of surface roughness and material removal uniformity.







Author Contributions


Conceptualization, D.W.; Data curation, J.Y.; Formal analysis, Z.C.; Investigation, Z.C.; Resources, J.L.; Software, J.Y.; Supervision, H.Q.; Writing—original draft, H.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (Grant number 51705463, 51775509 and 52075493), Key Research and Development Program of Zhejiang Province (2021C04011), Zhejiang Provincial Natural Science Foundation of China (Grant number LZ17E050003 and LY16E050013), and the Fundamental Research Funds for the Provincial Universities of Zhejiang (RF-A2019007).




Data Availability Statement


Data sharing not applicable.




Acknowledgments


The authors would like to thank support from Zhejiang Chendiao Machinery Co. Ltd. for the Postdoc work and Zhejiang Guanlin Machinery Co. Ltd. for the support in Experimetns.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dražumerič, R.; Badger, J.; RoininenP, R.; Krajnikc, P. On geometry and kinematics of abrasive processes: The theory of aggressiveness. Int. J. Mach. Tools Manuf. 2020, 154, 103567. [Google Scholar] [CrossRef]

	



Chen, Z.Z.; Qi, H.; Zhao, B.; Zhou, Y.; Shi, L.W.; Li, H.N.; Ding, W.F. On the tribology and grinding performance of graphene-modified porous composite-bonded CBN wheel. Ceram. Int. 2021, 47, 3259–3266. [Google Scholar] [CrossRef]

	



Zhao, J.; Huang, J.F.; Xiang, Y.C.; Wang, R.; Xu, X.Q.; Ji, S.M.; Hang, W. Effect of a protective coating on the surface integrity of a microchannel produced by microultrasonic machining. J. Manuf. Process. 2021, 61, 280–295. [Google Scholar] [CrossRef]

	



Qi, H.; Qin, S.K.; Cheng, Z.C.; Teng, Q.; Hong, T.; Xie, Y. Towards understanding performance enhancing mechanism of micro-holes on K9 glasses using ultrasonic vibration-assisted abrasive slurry jet. J. Manuf Process. 2021, 64, 585–593. [Google Scholar] [CrossRef]

	



Luna, G.G.; Axinte, D.; Novovic, D. Influence of grit geometry and fibre orientation on the abrasive material removal mechanisms of SiC/SiC Ceramic Matrix Composites (CMCs). Int. J. Mach. Tools Manuf. 2020, 157, 103580. [Google Scholar] [CrossRef]

	



Qi, H.; Qin, S.K.; Cheng, Z.C.; Zou, Y.L.; Cai, D.H.; Wen, D.H. DEM and experimental study on the ultrasonic vibration-assisted abrasive finishing of WC-8Co cemented carbide cutting edge. Powder Technol. 2021, 378, 716–723. [Google Scholar] [CrossRef]

	



Ge, J.Q.; Li, C.; Gao, Z.Y.; Ren, Y.L.; Xu, X.S.; Li, C.; Xie, Y. Softness abrasive flow polishing method using constrained boundary vibration. Powder Technol. 2021, 382, 173–187. [Google Scholar] [CrossRef]

	



Tamura, S.; Matsumura, T. Delamination-free drilling of carbon fiber reinforced plastic with variable feed rate. Precis. Eng. 2021, 70, 70–76. [Google Scholar] [CrossRef]

	



Wang, Y.S.; Zou, B.; Huang, C.Z. Tool wear mechanisms and micro-channels quality in micro-machining of Ti-6Al-4V alloy using the Ti(C7N3)-based cermet micro-mills. Tribol. Int. 2019, 134, 60–76. [Google Scholar] [CrossRef]

	



Xing, H.Y.; Zou, B.; Liu, X.Y.; Wang, X.F.; Chen, Q.H.; Fu, X.S.; Li, Y.S. Effect of particle size distribution on the preparation of ZTA ceramic paste applying for stereolithography 3D printing. Powder Technol. 2020, 359, 314–322. [Google Scholar] [CrossRef]

	



Cheng, Z.P.; Gao, H.; Liu, Z.Y.; Guo, D.M. Investigation of the trajectory uniformity in water dissolution ultraprecision continuous polishing of large-sized KDP crystal. Int. J. Extrem. Manuf. 2020, 2, 045101. [Google Scholar] [CrossRef]

	



Suzuki, N.; Misono, H.; Shamoto, E.; Hashimoto, Y.; Yasuda, H.; Mochizuki, Y. Material removal efficiency improvement by orientation control of CMP pad surface asperities. Precis. Eng. 2020, 62, 83–88. [Google Scholar] [CrossRef]

	



Rafal, R.; Michal, W.; Grzegorz, K. Material ratio curve as information on the state of surface topography—A review. Precis. Eng. 2020, 65, 240–258. [Google Scholar] [CrossRef]

	



Li, H.N.; Yang, Y.; Zhao, Y.J.; Zhang, Z.L.; Zhu, W.Q.; Wang, W.L.; Qi, H. On the periodicity of fixed-abrasive planetary lapping based on a generic model. J. Manuf. Process. 2019, 44, 271–287. [Google Scholar] [CrossRef]

	



Yuan, J.L.; Yao, W.F.; Zhao, P.; Lyu, B.H.; Chen, Z.X.; Zhong, M.P. Kinematics and trajectory of both-sides cylindrical lapping process in planetary motion type. Int. J. Mach. Tools Manuf. 2015, 92, 60–71. [Google Scholar] [CrossRef]

	



Wen, D.H.; Qi, H.; Ma, L.; Lu, C.D.; Li, G. Kinematics and trajectory analysis of the fixed abrasive lapping process in machining of interdigitated micro-channels on bipolar plates. Precis. Eng. 2016, 44, 192–202. [Google Scholar] [CrossRef]

	



Zhang, L.; Ji, R.Q.; Fu, Y.F.; Qi, H.; Kong, F.Z.; Li, H.N.; Tangwarodomnukun, V. Investigation on particle motions and resultant impact erosion on quartz crystals by the micro-particle laden waterjet and airjet. Powder Technol. 2020, 360, 452–461. [Google Scholar] [CrossRef]

	



Li, L.; Qi, H.; Yin, Z.C.; Li, D.F.; Zhu, Z.L.; Tangwarodomnukun, V.; Tan, D.P. Investigation on the multiphase sink vortex Ekman pumping effects by CFD-DEM coupling method. Powder Technol. 2020, 360, 462–480. [Google Scholar] [CrossRef]

	



Tso, P.L.; Wang, Y.Y.; Tsai, M.J. A study of carrier motion on a dual-face CMP machine. J. Mater. Process. Tech. 2001, 116, 194–200. [Google Scholar] [CrossRef]

	



Zhang, Z.; Ni, X.Q.; Wu, H.L.; Sun, M.; Bao, G.J.; Wu, H.P.; Jiang, S.F. Pneumatically actuated soft gripper with bistable structures. Soft Robot. 2021. [Google Scholar] [CrossRef]

	



Zhao, J.; Wang, R.; Jiang, E.Y.; Ji, S.M. Research on a new method for optimizing surface roughness of cavitation abrasive flow polishing monocrystalline silicon. Int. J. Adv. Manuf. Technol. 2021, 1–13. [Google Scholar] [CrossRef]

	



Zhao, J.; Jiang, E.Y.; Qi, H.; Ji, S.M.; Chen, Z.Z. A novel polishing method for single-crystal silicon using the cavitation rotary abrasive flow. Precis. Eng. 2020, 61, 72–81. [Google Scholar] [CrossRef]

	



Wu, Q.; Zhang, L.C. Microstructure-based three-dimensional characterization of chip formation and surface generation in the machining of particulate-reinforced metal matrix composites. Int. J. Extrem. Manuf. 2020, 2, 045103. [Google Scholar] [CrossRef]

	



Chen, N.; Li, H.N.; Wu, J.M.; Li, Z.J.; Li, L.; Liu, G.Y.; He, N. Advances in micro milling: From tool fabrication to process outcomes. Int. J. Mach. Tools Manuf. 2021, 160, 103670. [Google Scholar] [CrossRef]

	



Zhu, H.; Zhang, Z.; Zhou, J.; Xu, K.; Zhao, D.; Tangwarodomnukun, V. A computational study of heat transfer and material removal in picosecond laser micro-grooving of copper. Opt. Laser Technol. 2021, 137, 106792. [Google Scholar] [CrossRef]








[image: Materials 14 01691 g001 550] 





Figure 1. (a) Proposed single-side planetary lapping machine with irrational rotation speed ratio of lapping plate to workpiece; (b-i) the novel driving system design with a tapered roller and contact roller and (b-ii) its working mechanism; (c-i) the single-side eccentric abrasive lapping device and (c-ii) its working mechanism. 
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Figure 2. Relationship between trajectory of the single abrasive particle on target surface at ipw = 1 and lapping time (a) t = 2 s; (b) t = 4 s; (c) t =6 s; (d) t = 8 s (red lines represent the profile of the lapping plate, black lines represent the profile of the workpiece, and blue lines represent the trajectory of the single abrasive particle on the target surface). 






Figure 2. Relationship between trajectory of the single abrasive particle on target surface at ipw = 1 and lapping time (a) t = 2 s; (b) t = 4 s; (c) t =6 s; (d) t = 8 s (red lines represent the profile of the lapping plate, black lines represent the profile of the workpiece, and blue lines represent the trajectory of the single abrasive particle on the target surface).



[image: Materials 14 01691 g002]







[image: Materials 14 01691 g003 550] 





Figure 3. Relationship between trajectory of the single abrasive particle on target surface at ipw = 4/3 and lapping time (a) t = 2 s; (b) t = 4 s; (c) t =6 s; (d) t = 8 s. 
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Figure 4. Relationship between trajectory of the single abrasive particle on target surface at ipw = 0.3819… and lapping time (a) t = 10 s; (b) t = 100 s; (c) t = 500 s; (d) t = 1000 s. 
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Figure 5. Relationship between trajectory of the single abrasive particle on target surface at ipw = 0.4634… and lapping time (a) t = 10 s; (b) t = 100 s; (c) t = 500 s; (d) t = 1000 s. 
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Figure 6. Random distribution of 100 abrasive particles on the lapping plate. 
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Figure 7. Relation between trajectories of multiple abrasive particles on target surface at ipw = 1 and lapping time (a) t = 3 s; (b) t = 6 s; (c) t = 10 s (black lines represent the profile of the workpiece and blue lines represent trajectories of multiple abrasive particles on the target surface). 
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Figure 8. Relationship between trajectories of multiple abrasive particles on target surface at ipw = 0.3819… and lapping time (a) t = 3 s; (b) t = 6 s; (c) t = 10 s. 
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Figure 9. (a) Schematic representation of the divided squares on the surface of workpiece and (b) the total number of trajectories passing over each square at at ipw = 1 and lapping time t = 6 s. 
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Figure 10. Variations of CV values by increasing the lapping time under different rotation speed ratios. 
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Figure 11. Experimental setup of the single-side planetary abrasive lapping test. 
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Figure 12. (a) The resin bond diamond lapping plate, and (b) the distribution of workpieces on the fixture. 
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Figure 13. (a) Overall surface morphology at ipw = 1, and (b) overall surface morphology at ipw = 0.3819…, respectively. 
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Figure 14. (a) 2D view of surface characteristics at ipw = 1, and (b) 2D view of surface characteristics at ipw = 0.3819…, respectively. 
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Figure 15. Effect of rotation speed ratios on: (a) material removal mass for each piece by considering 4 pieces of workpiece, and (b) material removal mass for each piece by considering 4, 6, 8 and 10 pieces of workpiece, respectively. 
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Table 1. Variations of the ipw by adjusting the rotation angle of the screw rod, φ.
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	φ (rad)
	ipw
	Approximate Value of ipw





	16π
	     45   123 − 5 ×  (   6  −  2   )      
	0.3819…



	80π
	     45   123 − 25 ×  (   6  −  2   )      
	0.4634…
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Table 2. Comparison between surface characteristics at ipw = 1 and ipw = 0.3819….
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	ipw
	Ra (nm)
	Rq (nm)
	Rz (µm)
	Rt (µm)





	1
	145.69
	195.68
	3.71
	6.14



	0.3819…
	87.24
	117.69
	1.9
	2.8
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