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Abstract

:

To optimize the rigidity and dynamic mechanical properties of a sawing machine and improve its processing quality and stability, a design method for the sawing machine’s gearbox was proposed. First, a lightweight design of the gearbox was realized by topology optimization. Second, the sensitivity of different design variables of the new gearbox was determined via sensitivity analysis of the objective function. Finally, multi-objective optimization was used to obtain the optimal solution for the gearbox. Considering the complexity of the internal structure of the gearbox assembly and the accuracy of the numerical calculation process, a modeling method with mass points was proposed. A comparison between the numerical calculation results and the operation mode analysis revealed that the former was accurate and can be applied to the verification of the optimized gearbox. By optimizing the vibration signals before and after, and the analysis of the end face quality of the workpiece, the results revealed that the optimized gearbox has a significantly reduced amplitude under various operating conditions. In addition, the vibration stability was improved, and the end face quality of the workpiece was significantly enhanced compared to that before optimization. This study serves as a theoretical reference for multi-body dynamics modeling and optimization of machine tools, and also outlines technical solutions for high-speed stable cutting with sawing machines.
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1. Introduction


Circular sawing machine cutting is an important operation in the processing of mechanical parts. Sawing is achieved by combining the feed motion of a gearbox with the rotary motion of a circular saw blade, as shown in Figure 1. A circular sawing machine cutting has the characteristics of a small incision, high efficiency, and the absence of heat-affected zones. Moreover, it has significant advantages in reducing the consumption of metallic raw materials and minimizing environmental impact. Therefore, it is suitable for use with hard-cutting materials. This equipment is widely used in steel processing, machinery fabrication, automobile design, shipbuilding, the aerospace industry, and other fields. With the improvement of production efficiency, high-speed sawing machines have gradually become an indispensable tool in metal processing [1,2,3,4,5]. The gearbox is an important component of a high-speed sawing machine. Moreover, its vibration performance directly affects the dynamic characteristics of the sawing machine, which in turn affects the sawing accuracy and service life of the saw blade. Given the critical importance of the effect of vibrations in these instruments, research in this field has attracted increasing attention from scholars [6,7,8].



The gearbox is mainly composed of shafts, bearings, gear pairs, and a box body. When a pair of gears engage, meshing impact occurs in the process of operation. This results in vibration noise that corresponds to the meshing frequency of the gears. The origin of this problem is errors in the pitch and tooth profile. In addition, a range of friction noise is also generated due to the relative sliding between tooth surfaces [9,10,11]. If the design of the gearbox is defective, unpredictable results may occur when the gearbox is in operation. If the vibration frequency of the gear train is close to the natural frequency of the box, the possibility of resonance increases, resulting in the creation of small ripples on workpieces and a reduction of the production quality. Violent vibration of the gearbox has an important impact on the machine tool itself, and the operating environment [12,13,14]. Therefore, the minimization of the vibrations and noise of the gearbox under working conditions is a critical unresolved problem.



In the motion transmission system of the gearbox, the transmission route of vibration energy follows a particular path. Specifically, the vibrations of the gear meshing are transmitted to the shaft, then along the shaft to the bearing, and finally from the bearing to the box. Related studies on this process suggest that 90–95% of radiated sound energy is transmitted along this pathway [15,16,17,18]. Therefore, structural optimization design of the gearbox is an important factor in the reduction of vibration and noise.



At present, extensive research has been conducted on the optimization design of the gearbox. Gu et al. [19] used topology optimization to optimize the target structure, and built a new structure model based on the original structure. Jiang et al. [20] proposed several robust optimization design methods. Compared to traditional optimization schemes, robust optimization design improves the performance of a system at the expense of mass and maximum vibration amplitude. Li et al. [21] introduced a physical programming method to the robust design method, and focused on optimizing gearbox design according to demand, based on sensitivity analysis. Wang et al. [22] introduced the food chain conduction response algorithm for gearbox optimization, and improved the comprehensive optimization performance of the algorithm based on the transmission mechanism of the middle layer of the food chain. Liu et al. [23] proposed a hybrid user-defined element method (HUELM) to analyze the coupling dynamic characteristics of the gear transmission process. They developed the dynamic vibration model and obtained modal parameters of the gear transmission system under different working conditions. Belingardi et al. [24] proposed a multi-body dynamic modeling and analysis method for gearbox power transfer, which can obtain the dynamic frequency response function and transmission error of the system.



Based on a review of the literature in the field, it can be determined that the introduction of sensitivity into the optimization of the gearbox can improve the efficiency of this process. Using different optimization algorithms for multi-objective design variables, this technique is useful in the determination of an optimal solution [25,26,27,28]. According to the aforementioned literature, it is evident that an effective method for the optimized design of the gearbox, which facilitates lightweight design with high stiffness while improving design efficiency, is not currently available. In addition, when an optimization algorithm is used to obtain a solution, many working conditions are often ignored, resulting in a deviation between the final optimization result and actual performance.



Considering these problems, an optimization design method that combines topology optimization, sensitivity analysis, and response surface optimization is hereby proposed. First, a topology design is used to realize a lightweight gearbox structure. Through the calculation of sensitivity, the sensitivity of each size design variable to the natural frequency of the box is determined. Based on the calculation results, the first five design variables with the greatest influence on the gearbox are selected. A response surface model is then established for these five design variables, and they are optimized using the response surface optimization algorithm. Using operational modal analysis, the frequency range for which resonance of the gearbox is likely to occur during the actual working process is determined. The running modal analysis provides data support for the modal simulation of introducing the quality point and provides a basis for modal simulation verification of the optimized gearbox.



This report is divided into multiple sections. Section 2 introduces the theoretical basis of topology optimization, sensitivity analysis, and multi-objective optimization. Section 3, explains how structural optimization of the gearbox is performed using the approaches described in Section 2. In Section 4, a comparative experiment was conducted and the optimization results are discussed. The main conclusions are summarized in Section 5.




2. Theoretical Basis


2.1. Topology Optimization Based on Variable Density Method


The variable density method is proposed based on the uniform method. The main idea of the variable density method is that the density of a hypothetical material is variable, and the relationship between the macroscopic properties of the material (such as the allowable stress) and the density of the material is assumed. The topology optimization problem is transformed into the material distribution optimal problem. In the variable density method, the material interpolation method is used to solve the problem of topology optimization discrete variable discontinuity. The mathematical expression of the material interpolation formula is given as follows:


   E i  ( x ) =  E  min   +  x p  (  E 0  −  E  min   ) .  



(1)







In Equation (1), i represents each unit number; x represents the density of the unit (design variable); p represents the material penalty index; Ei represents the unit elastic modulus corresponding to the design variable x; and E0 and Emin represent the elastic moduli of the unit density as a solid material and void material, respectively. Under the boundary condition and volume constraint, the mathematical model for topology optimization based on the variable density method for structural flexibility is shown in Equation (2).


   {    min C ( x ) =  1 2    ∑  i = 1  n    E i  (  x i  )  u i T   k 0   u i        s . t . V ( x ) −  V ∗  ≤ 0 , K U = F     0 ≤  x  min   ≤  x i  ≤ 1     .  



(2)







In Equation (2), C is the average flexibility of the overall structure; K is the overall stiffness matrix; U is the displacement vector of the structure; n is the number of global elements; u is the element displacement vector; k0 is the stiffness matrix with a cell density of 1; F is Node load vector; V(x) is the optimized volume; V* is the volume constraint; and xmin is the minimum of the cell density. Considering the structural characteristics of the gearbox and the reliability of the calculation of the solution, topology optimization based on the variable density method was selected in this investigation.




2.2. Sensitivity Analysis Theory


Sensitivity analysis refers to the degree to which a change of structural design parameters affects the objective performance function. The expression for sensitivity analysis is as follows:


   S =   ∂ F ( x )   ∂  x i        or   S =   Δ F ( x )   Δ  x i    .   



(3)







In Equation (3), the former is the differential sensitivity of a continuous system and the latter is the differential sensitivity of a discrete system. Sensitivity quantifies the influence of a parameter change on the change of the objective function [29,30,31,32]. In the process of sensitivity analysis optimization, the designer selects effective design parameters quickly and purposefully according to actual needs to improve the optimization efficiency [33,34,35,36].



In the sensitivity analysis of the gearbox structure, the objective function is the modal frequency, and the variable parameters are the thickness of the panels and stiffeners. The mathematical models for the modal frequencies and the dimension parameters of the structures can be expressed as follows:


  f = g (  x 1  ,  x 2  , ⋅ ⋅ ⋅  x n  ) .  



(4)







In Equation (4), f is the modal frequency, g represents the function of the modal frequency to the dimension thickness, and x1, x2, ..., xn is a dimension variable of the structure. By calculating the partial derivative of the modal frequency to the variables, the corresponding sensitivity can be obtained. The mathematical expression is as follows:


   S  f i   =    ∂ f     ∂   x i      =   ∂ g (  x 1  ,  x 2  , ⋅ ⋅ ⋅ ,  x n  )    ∂   x i      .  



(5)







In Equation (5), Sfi is the sensitivity of the structure size to the modal frequency. The larger the absolute value of the sensitivity, the greater the influence of the size variable on the objective function. It is also evident from the formula that the value of the sensitivity can have a positive or a negative sign. Therefore, the influence of the size variable on the objective function may decrease with the increase of the size variable, while the sensitivity response represents the speed of the change.



In structural modal analysis, the low-order mode has a great influence on the dynamic characteristics of the structure. Therefore, the weighted average F of the first five modal frequencies is extracted as the objective function, as follows:


  F = 0.3 ×  f 1  + 0.25 ×  f 2  + 0.2 ×  f 3  + 0.15 ×  f 4  + 0.1 ×  f 5  .  



(6)







In Equation (6), f1, f2, f3, f4, and f5 correspond to frequencies 1 to 5 respectively, and 0.3, 0.25, 0.2, 0.15, and 0.1 are the respective weighting factors that correspond to the first to the 5th modal frequencies.



If the first five order modal frequencies of the gearbox have a linear relationship with respect to the change of the size parameters, the fitting equation is given as follows:


    f ^  i  =  α k  +  β k   x i  .  



(7)







In Equation (7),     f ^  i    represents the regression value; αk, βk represents the regression coefficient; xi represents the amount of change in the design variable; and k represents the k-th design variable.



The residual is defined as the difference between the regression and experimental values. To achieve a convenient solution, the difference between the regression and experimental values is squared. If the result satisfies the minimum value, the fitting effect is optimal. The expression used to perform this calculation is as follows:


  S  S e  =   ∑  i = 1  n    e i 2    =     ∑  i = 1  n   (  f i  −   f ^  i  )    2  =     ∑  i = 1  n   [  f i  − (  α k  +  β k   x i  ) ]    2  .  



(8)







In Equation (8), fi represents the experimental value. To achieve the best fitting effect, the least square method is applied. The partial derivatives of Equation (8) are calculated for αk and βk respectively, and the result of these equations is 0. The expressions for the partial derivative are as follows:


   {      ∂ ( S  S e  )   ∂  α k    = − 2   ∑  i = 1  n   (  f i  −  α k  −  β k   x i  ) = 0         ∂ ( S  S e  )   ∂  β k    = − 2   ∑  i = 1  n   (  f i  −  α k  −  β k   x i  )  x i  = 0       .  



(9)




Further analysis yields the following results:


   {    n  α k  +  β k    ∑  i = 1  n    x i    =   ∑  i = 1  n    f i         α k    ∑  i = 1  n    x i    +  β k    ∑  i = 1  n    x i 2  =   ∑  i = 1  n    x i     f i        .  



(10)




The binary expressions of Equation (10) can be solved as follows:


   {     α k  =  f ¯  −  β k   x ¯       β k  =   n   ∑  i = 1  n    x i   f i  − (   ∑  i = 1  n    x i    ) (   ∑  i = 1  n    f i    )     n   ∑  i = 1  n    x i 2  − (   ∑  i = 1  n    x i   ) 2        =     ∑  i = 1  n    x i     f i  − n  x ¯   f ¯      ∑  i = 1  n    x i 2  − n   x ¯  2          .  



(11)







In the Equation (11),   x ¯   and   f ¯   represent the arithmetic mean of the size change and that of the modal frequency, respectively. Based on this method, the sensitivity of the first five natural frequencies to all the dimensional variables is calculated as follows:


   S  f k   =    ∂ f     ∂   x i      =  β k   



(12)







Thus, the calculated βk value is the sensitivity value.




2.3. Multi-Objective Optimization Based on the Response Surface


The response surface method (RSM) is a response surface model that uses experimental design theory to test a set of designated design points to obtain the objective function and constraint function. It is widely used in complex mechanical structure optimization problems, such as the transmission gearbox. RSM is derived from the design of the experiment and the response surface assessment, which has the advantage of low resource utilization. Based on the complexity of the structure of the saw machine gearbox response surface optimization is an optimization method of the multi-objective genetic algorithm (MOGA) based on the Kriging model. The Kriging model is based on sample points and response values, and uses the method of fitting response surface to predict the response values of non-sample points [37,38,39,40].



In this report, the Kriging model was used to fit the response surface function, and the functional relationship between the response value and independent variable [41,42] can be described as follows:


       y ∧  ( x ) = F ( β , x ) + Z ( x )     F ( β , x ) = f   ( x )  T      β =   [  β 1  ,  β 2  , ⋅ ⋅ ⋅ ,  β p  ]  T      f ( x ) =   [  f 1  ( x ) ,  f 2  ( x ) , ⋅ ⋅ ⋅ ,  f p  ( x ) ]  T     }  ,  



(13)




where x is the m-dimensional input variable and y(x) is the l-dimensional output response. The value F(β,x) is the regression model; β is the coefficient of the regression model; f(x) is the p-order linear polynomial regression model set; and Z(x) is a random process. In the process of optimum design of the gearbox, the dimension variables calculated based on the sensitivity are taken as sample points, and the modals of each order are taken as the response values.



MOGA is often used to solve multi-objective optimization problems, and ultimately, a set of optimal solutions is obtained. Considering the insufficient stiffness of the gearbox and the requirement of lightweight design, the mathematical model can be expressed as follows:


      min (  y 1  ( x ) ,  y 2  ( x ) , ⋅ ⋅ ⋅  y n  ( x ) )     − m ( x ) ≥ −  m 0  ( x )      x L  < x <  x U     }  .  



(14)







In Equation (14), y1(x), y2(x), and y3(x) are the first, the second, and n-modes of the gearbox, respectively; m(x) is the total mass of the gearbox; m0(x) is the upper limit value of the gearbox; xU and xL are the upper and lower limits of the design variable vectors, respectively; and x is the design variable vector (decision vector). By combining the Kriging model with the MOGA algorithm, the multi-objective function can be solved, and the response surface model of the design variables and the objective function of the gearbox can be determined.





3. Gearbox Structure Optimization


3.1. The Composition of the Gearbox


The sawing gearbox investigated in this report contains five transmission shafts, including the input shaft, first differential shaft, second differential shaft, output shaft, and brake shaft. The input shaft is connected to the power source via a belt, and the output shaft is mounted to the circular saw blade. The input shaft transfers the motion to the output shaft after reducing the speed, and increases the output torque to facilitate the sawing of metal samples. The gearbox housing and side plates are made of gray cast iron with a density of 7200 kg/m3, a Young’s modulus of 75 Gpa, and a Poisson’s ratio of 0.28. The side plates are connected to the gearbox housing by bolts and pins. Considering the need for numerical calculations, the features with less impact are simplified [43,44,45], and the resulting gearbox physical model is shown in Figure 2.




3.2. Topology Optimization


In this report, ANSYS numerical simulation software was used to numerically simulate the box, and to quantify the problems involved in the structure optimization process. Based on the acquired data, the potential problems can be identified and data support can be provided for the optimization direction of the box. Modal analysis of the numerical calculations of multi-body dynamics of mechanical structures is a relatively basic linear dynamic analysis method used to describe the frequency characteristics of structures, including the natural frequencies and modes of participation.



Considering the aforementioned challenges, a numerical model for the sawing gearbox was established, as shown in Figure 3. The geometrical dimensions and material parameters were initially set according to the specifications of the manufacturing process of the gearbox. For the holes and parts near the model boundary, stress concentration can easily occur, and local refinement was performed. The numerical model grid has a total of 99,774 nodes and 61,174 solid elements, and is verified by grid independence.



The contact position between the gearbox and slider is imposed as a completely fixed constraint, which limits the model base to six degrees of freedom in the X, Y, and Z directions, and satisfies the initial structural optimization requirements [46,47]. Considering the significant reduction in the computational burden due to the meshing of various parts in the assembly, the conservation of computing resources, and accuracy of the solution, the calculation model is solved using this approach by adding point mass [48,49]. The mass and centroid coordinates of the transmission shaft (including bearings, gears and other components) are determined by the physical model of the gearbox. The mass and centroid coordinates are added to the gearbox as point masses, as shown in Figure 4.



Based on this method, the original ten-order modes of the gearbox before optimization can be obtained, as shown in Table 1.



When the frequency of the external excitation is close to the value in the table, the possibility of large vibration deformation of the structure is relatively high. In this instance, resonance may occur, which causes extreme damage to the structure. Therefore, frequency values close to that listed in the table should be avoided in engineering design.



According to the calculation formula of saw cutting force, the maximum saw cutting force can be obtained when circular saw blade saws circular bar. Considering the safety factor, the sawing force is 1500 N, and the direction is the negative direction of the feed. The saw blade is mounted on the output shaft, and the shaft and box are installed using bearings. The force diagram of the output shaft can be established. Based on calculations, the reaction forces of the two bearings are obtained as 334.69 N and 1030.64 N, respectively. Considering the sawing force as resistance, the direction of the force acting on the gearbox can be determined according to the relationship between the force and reaction force. By adding force according to the actual working conditions, the bearing load and unilateral force are selected, i.e., the left semicircular surface bears the bearing load, and the force is shown in Figure 5.



The percentage of materials is the key parameter for topology optimization, which is related to the availability of the optimized topology model and whether structural convergence can be obtained. Based on multiple experiments of topology optimization and according to the actual demand, when the percentage of material reduction is more than 20%, the convergence performance is improved and the actual demand is met. Therefore, this report sets the percentage reduction of the target of the material to 20%. After these settings are implemented, the topology optimization calculation is performed. Figure 6 shows the results of topology optimization after calculation in which orange is a removable material and gray is a retained material.



According to Figure 7, considering the impact of the stiffness of the box body and excessive space of the internal cavity on the vibration noise, the largest part of the vibration deformation of the gearbox at the first frequency is concentrated at one end. In addition, using the shape optimization method (SOM) based on the variable density method, it can be determined that the region with the large deformation is the removable part, as shown in Figure 6. According to the results of topology optimization, a lightweight design of the box can be guaranteed without affecting the high stiffness [50,51]. Therefore, a corner of the box is cut as a result of the above consideration. The initially optimized cabinet structure is obtained, as shown in Figure 8.




3.3. Sensitivity Calculation


In the structural design of the gearbox, the transmission ratio and the number of teeth of each gear should be determined according to the working conditions. The shaft, gear, bearing, and other transmission components should be examined to determine if they meet the service life requirements. The internal structural dimension of the gearbox body is determined by considering the strength, stiffness, and installation requirements of the bearings and gears.



Considering the vibration characteristics of the gearbox housing, the natural frequency is the objective function, the wall thickness and length are the design variables, and the sensitivity of the design variable to the objective function can be determined. In the sensitivity analysis process, 8 design variables, such as the wall thickness, length, and span of the gearbox are selected, as shown in Figure 9, where 1–8 represents P1, P2, P3, P4, P5, P6, P7, and P8 respectively, corresponding to 8 design variables.



Based on the modal calculation, the relationship between the dimensional change and modality is shown in Figure 10. It is evident from the figure that the modal frequency of the first five steps of the gearbox changes with the size parameter in an approximately linear relationship, which is in accordance with the earlier assumptions.



By substituting the values obtained from the above modal calculation into the Equation (11), the parameters could be calculated, and the results are shown in Table 2.



When the sensitivity is positive, this indicates that the design variable is positively correlated to the objective function. When the sensitivity is negative, this means that the design variable is negatively correlated to the objective function. It is evident that the natural frequencies of the box decrease with the decrease of the size variable of P1, P2, P6, and P7. The natural frequencies of the box increase with the decrease of the dimensional variables of P3, P4, P5, and P8. The order of the sensitivity of each size variable with respect to the modal frequency of the box is as follows: P4 > P8 > P5 > P7 > P3 > P2 > P6 > P1. Therefore, P4, P8, P5, P7, and P3 were selected as the main design variables for the optimization calculation.




3.4. Multi-Objective Optimization


According to the structural characteristics of the sawing gearbox, the multi-objective genetic algorithm was selected based on the Kriging model to fit the response surface function to the multi-objective optimization of the five main design variables. Taking the design variable as the input and the modal frequency as the output, the sample space was generated, the response surface model was constructed, the input value range was set, the multi-objective optimization of the design variables was completed, and the optimal solution of the design variables of the gearbox was obtained. A comparative analysis of the main design parameters before and after optimization is shown in Table 3.



Modal numerical simulation was performed on the optimized gearbox. This was followed by the application of a fixed constraint at the contact position between the gearbox and slider, and the addition of a mass unit at the bearing installation position. The calculation model was then solved, and the first ten steps modal of the optimized gearbox were obtained. The modal frequency is shown in Table 4.



By comparing the relevant data in Table 1 and Table 4, it can be determined that the optimization of the gearbox at the natural frequency was significantly enhanced. Moreover, the first-order natural frequency increased by approximately 82%, which is far from the possible excitation frequency range in the cutting process.



According to the numerical results shown in Figure 11, the maximum principal stress of the gearbox is 164.74 kPa and the maximum deformation is 0.27454 μm, which is lower than the ultimate compressive strength and tensile strength, and satisfies the design requirements.





4. Comparative Analysis of Experimental and Optimization Results


4.1. Experimental Data Acquisition


The SD-70R circular saw machine was adopted, and carbide saw blades with a diameter of 285 mm were selected. Gearboxes were installed before and after optimization, and saw cutting comparison experiments were conducted under spray cooling conditions. The main motor of the sawing machine was a 7.5 kW three-phase asynchronous motor, and the workpiece was 45 steel material with a diameter of 70 mm.



The vibration test and analysis platform were built by Leuven Measurement Systems (LMS) of Belgium, and the operational modal analysis of the sawing machine gearbox was conducted to identify the modal parameters of the gearbox. The system composition and test site are shown in Figure 12 and Figure 13, respectively. There are 12 measurement points on the surface of the gearbox. Taking the lower-left corner of the box as the coordinate origin, the X-direction is the saw blade feed direction, the Y-direction is the round steel feed direction, and the Z-direction is the cylinder up and down clamping direction.



An integrated piezoelectric sensor was used to acquire the acceleration signal of each component of the gearbox during the sawing process. Based on the layout of the shaft system inside the gearbox, the sensor was arranged closer to the bearing [52,53,54], as shown in Figure 14. The sensor signal was transmitted to the LMS data acquisition front end via a coaxial cable, and the vibration signal was monitored and recorded in real-time. The frequency bandwidth of the vibration signal to be acquired was set to 2560 Hz, the number of lines was set to 8192, the sampling frequency was 25 kHz, and the acquisition time for a set of data was 3.2 s.



In the process of multi-body mechanical structure optimization, a steady-state diagram of the system can be obtained by utilizing the modal analysis method, which can greatly simplify the workload associated with pole selection. Figure 15 shows the steady-state diagram for 70 r/min. In the figure, “s” indicates that the frequency, damping ratio, and vibration mode are stable; “d” indicates that the frequency and the damping ratio are stable; “v” indicates that the frequency and the vibration type are stable; “f” indicates that the frequency is stable, and “o“ represents a new frequency [55,56].



In the steady-state diagram, the frequency at which a peak occurs on the cross-spectrum and a stable pole is observed at the peak is considered to be a modal value. Considering that the modal parameters in the steady-state graph have incomplete excitation resonance, these parameters can be obtained for the box under different working conditions. These false modes must be removed because the associated computational errors and signal interference produce spurious modalities. According to the MAC matrix value of the gearbox system, the correlation of each order frequency is determined, and false modes are eliminated [57,58]. The resulting modal frequencies are 460 Hz, 708 Hz, 1653 Hz, 1832 Hz, and 2029 Hz.



As shown in Table 5, comparing the simulation results of the gearbox for modal analysis and finite element calculation before optimization, the frequencies of the first order, third order, tenth order, twelfth order, and fourteenth order are close to each other. This indicates that the mode of the gearbox assembly is calculated by adding the mass point, which has a certain accuracy. Finite element simulation was performed using the same constraint addition method as the technical verification for pre-production, after the optimization of the gearbox.



According to the modal frequency obtained from the steady-state diagram, it is easy to induce part of the natural frequency of the box under various working conditions. To improve the gearbox, its natural frequency should be maximized so that resonance does not occur under operating conditions. Therefore, the optimal design of the gearbox should avoid these modal parameters to reduce the probability of resonance in the target system.



An optimized gearbox of the first ten-order modal frequencies is shown in Table 4. By comparing the relevant data in Table 1 and Table 4, it was determined that the gearbox body frequencies are improved after optimization. In addition, the frequency of the gearbox away from 450 Hz, 700–800 Hz, and 1800–2000 Hz, reduces the likelihood of causing resonance, thereby complying with the design requirements.




4.2. Comparison of Experimental Data Before and After Optimization


Based on the requirements for operation of the sawing machine, this study mainly considers a comparison of the experimental data under the three working conditions of idling, 70 r/min, and 90 r/min.



Figure 16 shows the vibration signal waterfall diagram before and after the gearbox improvement under idle conditions. It is evident from the figure that under these conditions, the maximum amplitude of each measurement point for the improved front gearbox in the frequency range of 0–1000 Hz was 0.07 g. Moreover, the maximum amplitude was concentrated in the frequency range of 700–800 Hz. This may be caused by the excitation of the third-order mode of the box under idle conditions. The improved gearbox has a measurement point between 0 Hz and 1000 Hz, and the maximum amplitude is 0.03 g. In addition, there is not a dense peak between the 700 Hz and 800 Hz bands. Therefore, it is evident that the improved gearbox is optimized under idle conditions.



Figure 17 shows the vibration signal waterfall diagram at 70 r/min before and after improvement of the gearbox. The improvement of the high-frequency band is evident, and the amplitude of the vibration was significantly decreased in the high-frequency region of 1600 Hz to 2200 Hz. Although the vibration in the low-frequency band is more apparent, the analysis based on the overall working condition reveals an improvement from the highest amplitude of 0.25 g, before the improvement to 0.16 g.



Figure 18 shows the vibration signal waterfall diagram at 90 r/min before and after the gearbox improvement. The improvement of the high-frequency band and the low-frequency band is evident. In the high-frequency region of 1600 Hz to 2200 Hz, the amplitude of the vibration is significantly reduced. There is no regular vibration before 450–500 Hz, and the amplitude of the vibration is reduced by nearly 50%. It is evident that the amplitudes have different degrees of decline under different working conditions, and the 90 r/min working conditions exhibit the most significant decline.



The root mean square (RMS) of each measurement point between 0 Hz and 2048 Hz was calculated using LMS, and the vibration under common working conditions was selected, as shown in Figure 18 and Figure 19.



It is evident from Figure 19 that under the condition of 70 r/min, before optimization, the difference between the maximum value and the minimum value is large, whereas the amplitude difference of each measurement point is small after optimization.



Under the 90 r/min working condition, there were some measurement points with relatively high amplitudes before optimization. However, after optimization, the RMS values of each measurement point were relatively close, and no measurement points with relatively high amplitudes were present.



Comparing the 70 r/min before optimization with the 90 r/min before optimization, the amplitude difference of each measurement point is large, and the fitting degree of the two curves is relatively low. This indicates that the stiffness of the gearbox is relatively low under the condition of 70 r/min. Thus, it is easy for resonance to occur in the gearbox, leading to higher amplitudes.



By comparing the optimized 70 r/min with the optimized 90 r/min, it was determined that the RMS value of each measurement point was relatively close under the two working conditions, and the fitting degree of the curve is relatively high. This indicates that the stiffness of the gearbox is improved under different working conditions, which also improves the running stability of the machine tool.



Figure 20 shows the vibration of each of the No. 10 measurement points before and after optimization. It is evident from the RMS value that the vibration of the 10th measurement point before optimization is most significant under the condition of 70 r/min. Comparing the two curves, under each working condition, the vibration amplitude of the 10th point was greatly reduced before the improvement. From the analysis of the fluctuation of the curve, the improved curve does not have any obvious fluctuations. This indicates that the performance of the gearbox can satisfy the working conditions from 50 r/min to 100 r/min under different cutting conditions.



Roughness is an indicator of surface quality and quantifies this parameter. In this test, the surface roughness of the workpiece was measured before and after optimization using an optical 3D surface profiler (Ra), and the test results are shown in Table 6. It is evident from the data in the table that the roughness (Ra) of the end face of the workpiece after optimization is improved to a different extent compared to pre-optimization.



Figure 21 and Figure 22 show the 3D surface topography of the workpiece sawing end face. Compared to other working conditions, the quality of the end face was the worst under 70 r/min conditions. Compared to the vibration data in a previous report (Figure 20), the amplitude was the largest under the condition of 70 r/min, which is consistent with the surface topography test results. It is evident from the figure that the optimized surface corrugations are more regular, whereas the surface corrugations before optimization are haphazard with irregular deep pits in some areas. This phenomenon may be due to insufficient rigidity of the circular sawing machine, which leads to the occurrence of flutter during the sawing process. Comparing the surface topography before and after optimization, the cutting quality of the optimized circular sawing machine was obviously improved compared to pre-optimization.





5. Conclusions


To optimize the rigidity and dynamic mechanical properties of the sawing machine, and to improve its processing quality and stability, an optimization design method that combined topology optimization, sensitivity analysis, and response surface optimization was proposed. The main conclusions are as follows:




	(1)

	
Simulating the modal parameters of the gearbox via the addition of mass points, it was determined that the calculated modality has a good correlation with the operational modal analysis.




	(2)

	
By optimizing the design of the gearbox via topology optimization, sensitivity analysis, and response surface optimization, the quality of this component was reduced by 19% compared to the pre-optimized gearbox, and the natural frequencies of each step were significantly increased, thereby reducing the possibility of resonance.




	(3)

	
The results for the sawing comparison experiments revealed that, under the same working conditions, the amplitude of the optimized gearbox was significantly reduced, the sawing process was more stable, and the dynamic performance of the gearbox was significantly improved.









In summary, the main scientific contribution of this investigation is the application of the combined techniques of topology optimization, structural sensitivity, and response surface optimization to a complex structural design, as an effective lightweight design method. Subsequent research work will focus on multi-component reconstruction optimization and multi-factor information fusion algorithms.
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Figure 1. Structural layout of horizontal circular sawing machine. 
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Figure 2. Schematic diagram of gearbox structure: 1-lateral plate, 2-bearing, 3-gear, 4-output shaft, 5-gearbox, 6-input shaft, 7-differential shaft. 
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Figure 3. Gearbox numerical model. 
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Figure 4. Mass point distribution of gearbox. 
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Figure 5. Gearbox stress situation. 
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Figure 6. Optimization results of gearbox topology. 
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Figure 7. First-order modal cloud diagram before optimization. 
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Figure 8. Gearbox lightweight design results. 
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Figure 9. Sensitivity analysis of the size and variable distribution. 
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Figure 10. Relationship between the size variations and modals. 
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Figure 11. Cloud map of gearbox after optimization. (a) Maximum principal stress and (b) total deformation. 
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Figure 12. Schematic diagram of test system: 1-mobile workstation, 2-data acquisition front end, 3-coaxial cable, 4-accelerometer, 5-gearbox, 6-sawing machine bed, 7-twisted pair. 
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Figure 13. Physical drawing of the test system. 
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Figure 14. Location of the measurement points on the gearbox. 
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Figure 15. Steady-state system diagram prior to structure optimization. 
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Figure 16. Gearbox vibration signal waterfall map (Idle): (a) Before optimization, (b) After optimization. 
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Figure 17. Gearbox vibration signal waterfall map (70 r/min): (a) Before optimization, (b) After optimization. 
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Figure 18. Gearbox vibration signal waterfall map (90 r/min): (a) Before optimization, (b) After optimization. 
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Figure 19. RMS value of each measurement point before and after optimization (70 r/min). 






Figure 19. RMS value of each measurement point before and after optimization (70 r/min).



[image: Applsci 09 04458 g019]







[image: Applsci 09 04458 g020 550] 





Figure 20. RMS values of each measurement point before and after optimization. 
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Figure 21. 3D surface topography before and after optimization (70 r/min): (a) Before optimization, (b) After optimization. 
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Figure 22. 3D surface topography before and after optimization (90 r/min): (a) Before optimization, (b) After optimization. 
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Table 1. Original box body modal before structure optimization.
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	Order
	Frequency
	Order
	Frequency





	1
	491.9
	6
	1327.0



	2
	662.6
	7
	1440.1



	3
	765.2
	8
	1536.2



	4
	1233.0
	9
	1566.6



	5
	1285.4
	10
	1644.6
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Table 2. Regression coefficient values for structure optimization.
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	Design Variable
	αk
	βk





	P1
	1207.0035
	0.03484



	P2
	1206.4120
	1.2158



	P3
	1206.0075
	−1.2737



	P4
	1205.9913
	−2.2569



	P5
	1206.0577
	−1.4159



	P6
	1206.1296
	0.064



	P7
	1206.5736
	1.3852



	P8
	1206.9093
	−2.0469
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Table 3. Comparative results of gearbox design variables before and after optimization.
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	Parameters
	Original Values/mm
	Optimized Values/mm
	Size Change/%





	P3
	35
	37
	5.7



	P4
	30
	32
	6.7



	P5
	40
	42
	5



	P7
	10
	11
	10



	P8
	11.11
	15
	45
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Table 4. Gearbox modal frequency after structural optimization.
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	Order
	Frequency
	Order
	Frequency





	1
	892.7
	6
	2458.6



	2
	1295.2
	7
	2635.1



	3
	1701.3
	8
	2880.4



	4
	2048.9
	9
	2989.5



	5
	2307.2
	10
	3106.7
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Table 5. Comparison between modal analysis and finite element calculation results.
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Experimental Test

	
Finite Element

	
Modal Shape




	
Frequency/Hz

	
Damping Ratio/%

	
Frequency/Hz

	
Frequency Error/%






	
461.7

	
0.29

	
491.9

	
6.14

	
Y wobble




	
708.6

	
0.10

	
765.2

	
7.40

	
Y wobble + Z wobble




	
1653.9

	
0.17

	
1644.6

	
0.57

	
Y wobble + X wobble




	
1845.5

	
0.35

	
1841.8

	
0.20

	
Gearbox twist




	
2029.4

	
0.22

	
2019.0

	
0.52

	
Torsion + bending
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Table 6. Roughness comparison analysis.






Table 6. Roughness comparison analysis.





	Working Condition
	Before Optimization/μm
	After Optimization/μm





	60 r/min
	0.279
	0.259



	70 r/min
	0.358
	0.202



	80 r/min
	0.182
	0.180



	90 r/min
	0.278
	0.218



	100 r/min
	0.197
	0.181











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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