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Abstract

:

During the polishing process of complex curved PMMA parts, the polishing force is an important factor affecting the surface quality and optical performance. In this paper, a force-controlled polishing device integrated into a machining center to maintain the polishing force is investigated. In order to achieve the real-time active control of the polishing force, the linear voice coil motor and force sensors are used for motion and measurement. A compact structure was designed to couple the linear motion of the voice coil motor with the rotation for polishing. The force-controlled polishing system with a high real-time hardware architecture was developed to perform complex curved polishing path movement with precise force control. Next, the polishing force between the device and the workpiece was analyzed to obtain the mathematical model of the device. Considering the impact during the approaching phase of polishing, a fuzzy PI controller was proposed to reduce the overshoot and response time. To implement the control method, the controller model was established on Simulink and the control system was developed based on TwinCAT 3 software with real-time computing capability. Finally, a polishing experiment involving a complex curved PMMA part was conducted by a force-controlled polishing device integrated into a five-axis machining center. The results show that the device can effectively maintain the polishing force to improve surface quality and optical performance.
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1. Introduction


Due to its high level of transparency and specific strength, poly methyl methacrylate (PMMA) is widely used in aerospace, the automotive industry, electronic instruments, construction, and other fields. However, the optical performance of PMMA is severely affected by surface quality [1,2]. Machining operations such as milling frequently result in heightened cutting forces and vibrations, thereby degrading the surface quality [3,4]. Although, in the polishing process, it is difficult to correct the profile errors caused by the milling process, this process can significantly reduce the surface roughness and improve the surface quality. Therefore, polishing, as the final step in the high-performance machining of complex curved PMMA parts, can significantly improve surface quality and optical performance. Conventionally, due to the fact that they are easy to damage and to their temperature sensitivity, PMMA parts are often polished by manual operations, which is time-consuming, costly, and strictly dependent on the skills of the operator. In recent years, studies on polishing complex curved parts have attracted the interest of scholars for the purpose of polishing machines or robot-polishing system instead of the conventional manual polishing process.



For the polishing of complex curved parts, scholars have conducted studies concentrating on polishing equipment and systems [5,6,7], polishing tool design [8,9,10,11,12,13], toolpath patterns [12,13], and process parameter optimization [14,15]. For example, Xu et al. [5] developed a parallel polishing machine with a five-DOF parallel manipulator and a force feedback system to improve the roughness of surfaces. Yong et al. [10] optimized the deformation layer of a polishing pad by the finite element simulation of the contact area, which improved the surface quality of a complex curved aluminum alloy mirror. A trochoidal toolpath was proposed by Xu et al. [13] to keep the consistency of the material-removal distribution. Research on polishing parameter optimization for complex curved surfaces was presented by Chen et al. [15] to derive an optimized process parameter model. Undoubtedly, these studies provide innovative tools and theoretical foundations for the polishing of complex curved parts. Moreover, the mutual and pivotal concept in these studies is keeping the uniformity of the removal effect by maintaining a constant interaction between the polishing tool and the workpiece, which is critically affected by the polishing contact force. For PMMA parts, maintaining a constant contact force between the polishing tool and the parts is essential to prevent burn damage and to avoid excessive or insufficient polishing. Implementing real-time force control is crucial in the polishing process for complex curved PMMA parts.



Currently, two prevalent methods of force control are employed for the polishing of complex curved parts. The first method controls the polishing force by adjusting the movement of the multiaxial equipment executing the curved surface path, as in five-axis machining centers or industrial robots [16,17]. Due to the lack of an interface for users to arbitrarily modify the control algorithms of multiaxial equipment, some studies can only correct the path of the next polishing cycle through the feedback of the force sensor [18]. To control the polishing force in real time, Kakinuma et al. [19,20,21,22] proposed a novel methodology based on the sensorless force control technique, and a serial–parallel polishing machine was designed with a force control method for unknown curved surfaces. To achieve more accurate force control during the polishing process for curved surfaces, Tian proposed a position correction method involving a robot with a force sensor and a gravity compensation algorithm for stable force feedback [23,24]. However, multiaxial equipment commonly has a large amount of inertia and considerable friction in the transmission system, which leads to poor force control performance. The second method uses an external device to perform force control [17]. Multiaxial equipment executes curved path movement while an external device performs force-controlled polishing. Although the structure of the polishing system becomes more complex with this method, each part retains advantages in operations. The external device has high bandwidth and low impedance [25], while the multiaxial equipment has a large workspace. This method is often used in robot polishing systems [26,27,28] for the control of polishing force. Yu and Zhang [29,30] have developed active force-controlled robot polishing systems with external devices for complex curved PMMA parts. These devices use a motor or cylinder as the drive and achieve real-time active control through the feedback value of the force sensors. However, industrial robots exhibit characteristics of strong coupling and nonlinearity, which result in motion errors and vibrations. These issues reduce the stability of the force control during the polishing process.



The integration of force-controlled polishing devices into machining centers enables a reduction in vibration errors and an increase in control frequency for precise control performance. To achieve a force control device integrated into the machining center, Grochala et al. [31] designed a micro-hydraulic tool that utilizes the hydraulic system of the machining center for force control. Furthermore, a method of combining shaping and finishing on a machining center in one operation was proposed to decrease the roughness height and improve optical performance [32]. Although this device can actively control the contact force between the tool and the workpiece in real time, it lacks the ability to perform rotary polishing and is limited to ball burnishing. Mitropoulos et al. [33] developed a polishing device that uses springs for force control. This device rotates by an external spindle, making the machining center’s own spindle redundant. This structure increases inertia, and the passive control of the springs has poor accuracy for polishing. Consequently, current force control devices that are integrated into machining centers fail to provide the real-time, active, and accurate force control required for the polishing of complex curved PMMA parts.



For the polishing of complex curved PMMA parts, a force-controlled polishing device integrated into a machining center is investigated in this paper. In Section 2, a low-inertia and high-response-frequency structure is presented. The force-controlled polishing system with a real-time hardware architecture was developed to perform complex curved polishing path movement with precise force control. Considering the approaching phase of the polishing process, a fuzzy PI controller is proposed in Section 3, and the implementation of the control method is introduced. Next, polishing experiments involving complex curved PMMA parts are reported in Section 4. Finally, the conclusions are given in Section 5.




2. Structure of Force-Controlled Polishing Device and Development of Polishing System


2.1. Structure of Force-Controlled Polishing Device


In order to implement the force-controlled polishing of complex curved PMMA parts on the machining center, a device was designed with ability of force control and rotation, which are required in polishing. The structure of the force-controlled polishing device is shown in Figure 1. The device performs force-controlled polishing with low inertia, while the five-axis machining center executes the curved path movement with a large workspace.



The force-controlled polishing device is designed to be installed on the spindle of the machining center with a tool handle and an installation flange. A linear voice coil motor is used as the electromagnetic motion component, which can generate a push or pull force proportional to the current in the coil. The linear voice coil motor simplifies the device structure to achieve high-response motion for force control. Linear bearings and springs, installed parallel to the motor, are used for guidance and support to increase the stability of the device. The compact and stable structure offers benefits in reducing the impact and vibration during the polishing process, consequently improving the control accuracy of the polishing force. Meanwhile, the device adopts a flexible foam pan with sandpaper as the polishing tool to conform the profiles of complex curved parts with varying curvature radii to provide a more consistent and evenly distributed polishing force. A linear encoder is used to measure the axial position of the voice coil motor. The force sensor is installed under the voice coil motor as a feedback component. High precision and high sampling frequency of the force sensors facilitate precise closed-loop control and reduce the control cycle for maintaining the desired force during polishing. To couple the rotational and linear motions required for force-controlled polishing, a rotary ball spline is used as the motion coupling component. The compact structure of the rotary ball spline enables the device to couple the rotation transmitted by the transmission shaft from the spindle and the linear motion generated by the LVCM simultaneously. The strong and stable power of the spindle is used for the rotation of the polishing tool. This compact structure reduces the mass of the motion structure, allowing lower inertia and higher response frequency from the device. The parameters of the device are shown in Table 1.




2.2. Development of Polishing System on Machining Center


To be able to drive the device, the hardware architecture of the force control system is designed with an industrial PC (IPC), a servo driver, and a signal amplifier, as shown in Figure 2.



The hardware architecture is crucial in a system, directly influencing system performance, reliability, and scalability. The hardware architecture is based on EtherCAT communication and master–slave structure, which seamlessly integrates with slave terminals to eliminate the need for additional specialized hardware. The master–slave structure and distributed clock synchronization technology of EtherCAT enable highly efficient data transmission in the network, facilitating low communication latency to meet the real-time requirements of force-controlled polishing. This integration reduces system costs and enhances overall performance [34,35,36]. The first component of the hardware architecture, referred to as the master, comprises an industrial PC serving as the central control device in EtherCAT master–slave communication. Additionally, another PC equipped with TwinCAT 3 Engineering software connects to the industrial PC through an Ethernet cable to execute programming and debugging tasks for the control system. The other components, referred to as slaves, comprise EtherCAT terminals connected to the device, which function as input/output (I/O) devices for communication and data acquisition. The device component integrates a linear voice coil motor and sensors within the force-controlled polishing device to measure and generate force.



Next, we developed a force-controlled polishing system, which involves the five-axis CNC machining center, the force-controlled polishing device, and the control system. Figure 3 illustrates the operational workflow of the force-controlled polishing system. Initially, the IPC of the control system generates the polishing-path-based model of the complex curved PMMA workpiece and dispatches the NC code of the polishing path to the machining center. Subsequently, the force-controlled polishing device, installed on the spindle of the machining center, follows the complex curved polishing path and performs the force-controlled polishing with rotation of the spindle. Meanwhile, the control system monitors the status of the polishing process through sensors and controls the polishing force between the device and the complex curved PMMA part. Consequently, the force-controlled polishing system can perform complex curved-polishing-path movement with precise force control. The stable control of polishing force ensures the consistency of roughness, thereby improving the surface quality and optical performance of complex curved-surface PMMA parts.





3. Modeling of Polishing Force and Implementation of Fuzzy PI Controller


3.1. Polishing Force Analysis and Modeling of Device


To implement the force control of the device, it is first necessary to conduct mathematical modeling of the device to obtain the transfer function. In order to more clearly express the analysis process, the parameters of this section are listed in Table 2.



According to the following Preston polishing removal function, the removal rate of the polishing point is proportional to the pressure when the speed and feed speed of the force-controlled polishing device are constant. Therefore, controlling the constant normal force Fpn in the polishing process can ensure the uniformity of the polishing removal effect on the polishing path. The formula of Preston polishing removal function [37] is displayed as below:


  d z / d t =   K   p   P V  



(1)




where dz/dt is the material removal in unit time, Kp is the Preston coefficient, which is related to the abrasive size and environment, P is the pressure at the polishing point, and V is the instantaneous polishing velocity at the polishing point.



Through the force analysis of the contact point shown in Figure 4, in the feed coordinate system (FCS), the polishing force Fp can be divided into normal force Fpn in the normal direction n and tangential polishing force Fpt in the tangential direction t.


    F   p   =   F   pn   +   F   pt    



(2)







According to the theory of dynamic friction, the values of Fpn and Fpt can be obtained as


    F   pt   =   F   pn     tan  ⁡  (   π  / 2  − θ ) =   F   pn     cot  ⁡  θ    



(3)




where (π−θ) is the angle of friction and is only related to the material and roughness of the foam polishing pan and the PMMA part.



Next, the polishing force Fp can be expressed as follows:


    F   p   =      F   pn     2   +     F   pt     2    =   F   pn    1 + co   t   2   θ   



(4)







In global coordinate system(GCS), the polishing force Fp can be equivalent to the force Fx in the X direction and the force Fz in the Z direction.


    F   p   =   F   pn   +   F   pt    



(5)







According to the force analysis, when the contact angle is α, Fz can be obtained as follows:


    F   z   =   F   p     sin  ⁡  (   θ + α )  



(6)







From Equations (4) and (6), Fz can be described as follows:


    F   z   =   F   pn    1 +     cot   2    ⁡  θ      sin  ⁡  (   θ + α ) =   k   a     F   pn    



(7)







Through the above analysis, it can be concluded that when the contact angle α is constant, the Fz of the device is proportional to the polishing force Fp, which is defined as ka.



According to the force analysis of the device, when the voice coil motor is not enabled and the foam polishing pan is not in contact with the PMMA part, the device is in a static state when the axial displacement z = 0, and forces in the Z direction can be obtained as follows:


          F   i   = 0         F   z   = 0         F   f   = 0         F   s   ( 0 ) = G        



(8)




where Fi is the axial thrust generated by the voice coil motor, Fz is equal to the axial thrust received by the foam polishing pan, and Ff is the friction damping force.



When the voice coil motor is enabled, the foam polishing pan is in contact with the PMMA part, the axial displacement generated by the voice coil motor of the device is defined as z and the force equation of the device is as follows:


    F   i   = m     d   2   z   d   t   2     +   F   s   +   F   f   +   F   z   − G  



(9)







The Lorentz force generated by the voice coil motor is proportional to the current of the current I passed through the coil, and this proportion is defined as the voice coil motor force coefficient ki. The frictional damping force is usually defined as proportional to the velocity of motion, which is defined as kf. The elastic coefficient of the springs is ks. The proportion of the elastic force of the foam pan to the displacement is defined as kz. The G is the gravity of the device. Consequently. each force can be expressed as follows:


          F   i   =   k   i   I         F   s   = G +   k   s   z         F   f   =   k   f     d z   d t           F   z   =   k   z   z        



(10)







By taking Equations (4) and (6) into consideration, the force equation of the device can be derived as follows:


    k   i   I = m     d   2   z   d   t   2     +   k   f     d z   d t   + (   k   s   +   k   z   ) z  



(11)







From Equations (7), (10), and (11), the equation of current I to the contact force Fpn can be expressed as follows:


  I =   m   k   a       k   i     k   z         d   2     F   p n     d   t   2     +     k   f     k   a       k   i     k   z       d   F   p n     d t   +     k   a   (   k   s   +   k   z   )     k   i     k   z       F   p n    



(12)







Take Laplace transforms of Equation (12) to yield the following:


    I ( s )     F   p n   ( s )   =   m   k   a       k   i     k   z       s   2   +     k   f     k   a       k   i     k   z     s +     k   a   (   k   s   +   k   z   )     k   i     k   z      



(13)







The transfer function of the device is shown below, and a block diagram of the transfer function is shown in Figure 5.


      F   p n   ( s )   I ( s )   =       k   i     k   z     m   k   a         s   2   +     k   f     m   s +   (   k   s   +   k   z   )   m      



(14)








3.2. Force Control with Fuzzy PI Controller


A PI controller with the advantages of simple algorithm, strong robustness, and high reliability can be used to control the contact force accurately in the polishing process, and the control parameters can be adjusted by simulation. The output I1 of the PI controller can usually be expressed as follows:


   I 1  =   k   p o   e ( t ) +   k   i n     ∫  0   t    e ( t ) d t    



(15)




where kpo is the proportional coefficient, kin is the integral coefficient, and their values are preliminarily determined by the transfer function of the force-controlled polishing device established above.



The proportional control is used to quickly reduce the errors when the deviation is large, and the integral controller is adapted to eliminate static errors for ensuring control accuracy and improving the adaptability. Meanwhile, in order to prevent the integral controller from accumulating a large output value over time before the tool makes contact with the workpiece, the anti-saturation algorithm of the integral controller of is given as follows:


    e   i n   =       e ( t ) ,    I min  <  I in  <  I max        0 ,    I in  ≤  I min  ∪  I in  ≥  I max         



(16)




where ein is the input error of the integral controller, Iin is the output current of the integral controller, Imin is the minimum current of the device, and Imax is the maximum current of the device.



However, the impact during the approaching phase will bring some nonlinear and time-varying errors. These errors will bring greater polishing force between the polishing tool and the PMMA part, which will cause scratches and burns on the PMMA part. The fuzzy control algorithm is adopted. It is mainly used to solve some control problems in complex systems that have strong nonlinearity and time variability or cannot be described by accurate mathematical models.



The fuzzy PI controller is used as the strategy of the force control system, for which a block diagram is shown in Figure 6. In the diagram, F0 is the target force of the polishing. The error e is the difference between F0 and the contact force value Fpn, which is used as the input of the PI controller to calculate the value I1. Simultaneously, the value I2 is obtained from e and its rate of change over time ec from the fuzzy controller. Finally, the input current value of the polishing device I, consisting of I1 and I2, leads the device to produce the normal polishing force Fpn between the polishing tool and the PMMA part.



The input value e, ec and the output value I2 of the fuzzy system are described by seven fuzzy subsets, denoted as NB, NM, NS, ZO, PS, PM, and PB. The quantitative domain of e, ec is set to (−3, −2, −1, 0, 1, 2, 3), and the quantitative domain of I2 is set to (−1.5, −1, −0.5, 0, 0.5, 1, 1.5). Considering the sensitivity and coverage, each fuzzy subset uses a triangular membership function, which is shown in Figure 7.



An important step in the fuzzy controller is to establish fuzzy control rules [38]. The rule base of the fuzzy controller is established according to the experimental experience and shown in Figure 8. The redder color in the figure indicates that the positive output control of the variable should be increased, and the bluer color indicates that the negative output control of the corresponding variable should be increased, which corresponds to the fuzzy rule one by one.



The parameters are fuzzified by the fuzzy subset and fuzzy membership function defined above, and then the fuzzy system is established by MATLAB fuzzy logic toolbox. The fuzzy reason decision is made by the fuzzy control rules and the gravity center method is used to defuzzify. Therefore, there is the following:


    I   0   =     ∫  V    x ⋅   U   I   ( x ) d x       ∫  V      U   I   ( x ) d x      



(17)




where, UI(x) is the output ambiguity, V is the output domain, and I0 is the result of the fuzzy set obtained by the center of gravity method. By multiplying I0 with the output quantization factor kfuzzy, the actual control value I2 is obtained as follows:


    I   2   =   k   fuzzy     I   0    



(18)







Next, the final output I of the fuzzy PI controller can be expressed as follows:


  I =   I   1   +   I   2    



(19)







Finally, the current I, as the input signal of the device, results in the desired normal polishing force Fpn.




3.3. Implementation of Control Method


To implement the fuzzy PI controller, a fuzzy PI control model was developed on Simulink, as shown in Figure 9. The TwinCAT 3 software was adopted as the foundation of the force control system to configure programs and control the hardware, as illustrated in Figure 10. To apply the established Simulink control model to the control system, the Simulink coder converts the Simulink model into a C++ program. Subsequently, the target computer downloads the program as a TwinCAT component object model (TcCOM) object. This conversion enables researchers to focus more on control engineering issues rather than on programming skills [39]. Next, TcCOM objects communicate with programmable logic controller (PLC) components through the automation device specification (ADS) protocol, which is used between various components of TwinCAT. The PLC programming component serves as the primary component for communication, data processing, force calculation, and interaction. The communication function enables seamless information exchange between components, ensuring accurate and efficient data transmission. The data processing function involves the interpretation and manipulation of incoming data from sensors and other inputs. Central to the operation of the force control system, the force calculation function performs precise calculations for the normal polishing force. By calculating the normal polishing force based on input parameters and feedback from force sensors, the system can dynamically adjust the current of the voice coil motor to maintain the polishing force, ensuring stable polishing performance. The interaction function involves the ability to interact with operators through the TwinCAT human–machine interface (HMI) server. For human–computer interaction, the HMI server facilitates monitoring and control by human operators via a graphical user interface (GUI). The GUI allows operators to input parameters, adjust settings, and receive alerts and status reports. Meanwhile, the I/O component communicates with devices through the EtherCAT protocol to establish the connection between the software and the hardware. Consequently, the fuzzy PI controller model implements communication with the hardware of the device in the TwinCAT3 real-time running environment. In general, the software of the control system achieves the control model implementation, data processing and operation, communication with the hardware, and human–computer interaction. Additionally, TwinCAT 3 provides advanced real-time scheduling algorithms, ensuring accurate coordination between various components. This coordination is essential for achieving effective real-time closed-loop control of the polishing force.





4. Experiment and Verification


4.1. Experiment Settings


To assess the efficacy of the force-controlled polishing device, this study presents a polishing experiment conducted on a complex curved PMMA part using a five-axis CNC machining center equipped with the force-controlled polishing device. A PMMA part that was double-side milled by the machining center was used in the experiment. Its size was 300 mm × 215 mm × 50 mm and the radius of the curvature varied from 110 mm to 250 mm. Figure 11 shows the polishing process of the PMMA part. Figure 12 depicts the surface of the milled part, which exhibited an obvious scallop height of 10 μm, resulting in poor transparency. The roughness measurement result of the surface was Sa 926 nm.



Considering the balance between the surface quality and the processing efficiency, the polishing contact force was set at 5 N and the rotating speed of the spindle was set at 1000 r/min. As the cooling medium for polishing, water was used to help prevent burns from polishing and to avoid mutual solubility with the PMMA. To ensure the surface quality and optical properties of the PMMA parts, the polishing process needs a series of processes. Table 3 shows the polishing process schedule of the experiment. First, rough abrasive pieces of sandpaper measuring 60 μm, 30 μm, 15 μm, and 9 μm were used to remove the cusps generated in the milling process. Next, pieces of sandpaper measuring 2.7 μm and 1.25 μm were used twice each for semi-precision polishing. Finally, 3 M of each of the polishing liquids 81235 and 82877 was used with wool pads to finish the polish. According to the material removal distribution model, the line spacing of the polishing path was set at 10 mm, the polishing path between different processes was set at 5 mm, and the feed speed was set at 600 mm/min. Table 4 lists the polishing parameters of the polishing experiment.



In the polishing process, a comparative polishing experiment was conducted without force control for comparison. To verify the force control performance, the normal polishing force was measured by the force sensors integrated in the proposed device. Conversely, when the machining center performed the comparative polishing experiment, the linear voice coil motor of the device was turned off and the linear bearing was locked. To reduce the damage to the part, 2.7 sandpaper was used in the comparison experiment. To ensure a fair comparison, the machining center performed the same curved path motion, and the feed rate of 600 mm/min and the spindle speed of 1000 r/min were used in the experiment.




4.2. Results and Verification


Figure 13 shows the variation of the normal polishing force over time for two random trajectories on both convex and concave surfaces. It can clearly be seen that the polishing force is stably controlled during the polishing process and exhibits a small overshoot in the approaching phase. The controlled normal polishing force is maintained at the desired value during the polishing process, and the stable force is not affected by the surface curvature.



Figure 14 shows the comparison of the normal polishing force over time during the force-controlled polishing process and the non-controlled polishing process. The diagram clearly shows that the force-controlled polishing device enhances the stability of the polishing force, which is maintained in a stable range of 5 ± 0.1 N. During the approaching phase, the polishing force is controlled to exhibit a smaller overshoot of less than 0.5 N, and the response time is also significantly reduced.



To verify the surface quality of the workpiece, the roughness of the PMMA part was measured by the New View 9000 3D surface profiler from ZYGO Corporation, United States of America. The filter for the roughness measurement was a Gaussian spline filter with an 80-micrometer period of high pass. The measurement results were taken from four randomly distributed areas on the PMMA part, as shown in Figure 15. The figure reveals that the polished surface exhibits good consistency, and the roughness of each area is less than Sa 0.01 μm, significantly lower than the roughness of the milled surface. Next, the two-sided polished PMMA part was placed on a paper printed with “DUT”. The optical performance of the complex curved PMMA part is shown in Figure 16. It can be seen that the “DUT”, which was under the polished part, was clearly visible without deformation. Compared with the milled surface, the polished surface has a higher light transmittance. The results demonstrate that the force-controlled polishing device has a positive effect during the polishing of PMMA parts, resulting in better surface quality and optical performance.





5. Conclusions


In this paper, a force-controlled polishing system was presented for the polishing of complex curved PMMA parts on a machining center. The force-controlled polishing device with the linear voice coil motor and force sensors was used to perform the real-time active control of the polishing force. The compact structure, coupling the linear motion with the rotation of the spindle, reduced the inertia of the mechanical structure to enhance the response frequency. Next, the force-controlled polishing system with real-time hardware architecture ensured the low servo cycle of the control system. The polishing force between the device and the workpiece was analyzed and the mathematical model of the device was obtained. Through the polishing force analysis, a fuzzy PI controller was proposed to alleviate the impact during the approaching phase of the polishing and to reduce the overshoot value and response time. The controller model was established on Simulink and the control system was developed based on TwinCAT 3 software with real-time computing capability. Finally, a polishing experiment involving a complex curved PMMA part was conducted by the force-controlled polishing device integrated into a five-axis machining center. The experimental results show that the proposed device can maintain the normal polishing force within a range of 5 ± 0.1 N during the polishing process. Meanwhile, the surface roughness of the polished PMMA part with the complex curved surface was less than Sa 0.01 μm, with good surface quality and optical performance. The limitation of this research is that the linkage between the removal and the force control algorithm was not considered, meaning that only coincident material removal from the surface can be ensured, and that the profile errors of the workpiece cannot be corrected after polishing. In summary, the force-controlled polishing system proposed in this paper is positive and effective for the polishing of complex curved PMMA parts. However, the material removal method with a force-controlled polishing system still needs to be improved in the further research.
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Figure 1. The mechanical structure of force-controlled polishing device. 
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Figure 2. Hardware architecture diagram of control system. 
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Figure 3. Force-controlled polishing system diagram. 
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Figure 4. Device force analysis diagram. 
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Figure 5. Device transfer-function block diagram. 
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Figure 6. Block diagram of fuzzy PI controller. 
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Figure 7. Triangular membership function diagram. 
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Figure 8. Fuzzy control rules diagram. 
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Figure 9. Simulink-model block diagram of fuzzy PI controller. 
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Figure 10. Block diagram of software. 
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Figure 11. Polishing process of the PMMA part. 
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Figure 12. Milled surface. (a) Blurred surface with 10 μm of scallop height. (b) Surface roughness measurement result. 
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Figure 13. Normal polishing force over time in the polishing process of complex curved PMMA part. (a) Polishing force of convex surface. (b) Polishing force of concave surface. 
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Figure 14. Comparison of the normal polishing force of convex surface between force-controlled and non-controlled polishing processes. 
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Figure 15. Surface roughness measurement results of four random areas of the complex curved PMMA part. 
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Figure 16. Optical performance of polished complex curved PMMA part. 
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Table 1. Parameters of the force-controlled polishing device.






Table 1. Parameters of the force-controlled polishing device.





	Parameters
	Values





	Total mass
	4.0 kg



	Movable mass
	1.6 kg



	Total length
	290 mm



	Motion stroke
	10 mm



	Polishing tool size
	76 mm



	Sampling frequency
	1 kHz



	Resolution of force sensor
	0.01 N



	Force control range
	0–30 N










 





Table 2. Parameters of polishing force analysis.
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Parameters

	
Parameters






	
Kp

	
m2/N

	
Preston coefficient

	
ka

	

	
coefficient of the force in the Z direction and normal polishing force




	
P

	
N/m2

	
pressure at the polishing point

	
z

	
m

	
axial displacement




	
V

	
m/s

	
instantaneous polishing velocity at the polishing point

	
Fi

	
N

	
axial thrust generated by the voice coil motor




	
dz/dt

	
m/s

	
material removal in unit time

	
Ff

	
N

	
friction damping force




	
Fp

	
N

	
polishing force

	
I

	
A

	
current passed through the coil




	
Fpn

	
N

	
normal polishing force

	
ki

	
N/A

	
voice coil motor force coefficient




	
Fpt

	
N

	
tangential polishing force

	
kf

	
N·s/m

	
frictional damping force coefficient




	
θ

	
degrees

	
complementary angle of friction angle

	
ks

	
N/m

	
elastic coefficient of the springs




	
Fx

	
N

	
force in the X direction

	
kz

	
N/m

	
elastic coefficient of the foam pan




	
Fz

	
N

	
force in the Z direction

	
G

	
N

	
gravity of the moving part of the device




	
α

	
degrees

	
contact angle

	
m

	
kg

	
mass of the moving part of the device











 





Table 3. Polishing process schedule.
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Process

	
Abrasive Size (μm)

	
Cycle

	
Feed Rate (mm/min)

	
Spindle Speed (r/min)






	
1

	
60

	
1

	
600

	
1000




	
2

	
30




	
3

	
15




	
4

	
9




	
5

	
2.7

	
2




	
6

	
1.25

	
2




	
7

	
Polishing liquid

	
3

	
500











 





Table 4. Parameters of polishing process.
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	Parameters
	Values





	Path interval
	10 mm



	Contact angle α
	10°



	Sensor sample time
	1 ms



	Controller cycle time
	1 ms



	Controller coefficient kp, ki, kfuzzy
	1, 0.05, 0.015
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