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Abstract

:

Skiving is an efficient gear cutting technology with relatively high machining accuracy, especially for internal gears. Nevertheless, the machining accuracy can hardly be satisfied if the skived gear is modified, so we try to extend the definition and hypotheses domain of the previous works. In this paper, fundamental research is conducted to further improve the skiving accuracy. Firstly, a new type of skiving tool with double rake faces is proposed for flexibly meeting different modification requirements of the two flanks of the work gear teeth. Secondly, the mathematical model of curve-surface conjugated cutting edges of the skiving tool for enveloping the tooth flanks of the working gear with profile modification is established. Then, the algorithm of the skiving tool path with alterable shaft angle in the cutting process is proposed for eliminating the twist of gear tooth flanks with lead modification. Finally, machining simulations are carried out to verify the feasibility of the proposed improved skiving methods.
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1. Introduction


Skiving is an efficient gear cutting technology with a relatively high machining accuracy, especially for internal gears. Contrary to the gear shaping, which can be considered as the engagement between the work gear and the virtual generating gear of the shaping cutter, gear skiving should be classified as curve-surface engagement between the cutting edges of the skiving tool and teeth flanks of the work gear. The previous study showed that if the cutting edges cannot conjugate with the gear tooth flanks, tooth profile errors of skiving will be generated [1,2,3,4]. In mass production via gear skiving, reduction of cutting errors caused by cutter resharpening, suppression of vibrations in cutting, and improvement of chip ejection are the key problems that require solving [5,6].



Reducing the cutting errors is mainly related to the profile correction of the cutting edges by making them similar to conjugated ones of the tooth flanks of the working gear. Several investigations were carried out to improve the skiving accuracy, including the skiving error generation mechanism, the cutting-edge profile correction, and the skiving tool setting adjustment methods. Kojima [7] analyzed the geometrical relationships between the skiving cutter and internal spur gears according to the tooth profile analytical theory. Tomokazu et al. [8] established a geometrical model that can be used to predict the effect of pitch deviation and run out of a cutter on a skived gear. Tsai [9,10] established the mathematical model for calculating the error-free cutting edges of the skiving tool and analyzed the variations of the cutting tool angles during cutting. Guo et al. [11] discussed the effect of tool setting error on skiving accuracy and investigated the tool design method of a curve-surface conjugated cylindrical skiving cutter. Ron et al. [12] proposed methods for correcting the twist of gear tooth flank with lead modification by modifying the skiving tool profile of the cutting edge. Zheng et al. [13] proposed methods for improving the gear skiving accuracy with lead modification by adjusting the skiving tool.



As demonstrated by the previous investigations, the improvement methods of skiving accuracy by employing the conventional shaping-cutter-shaped skiving tool are most investigated. However, since the cutting edges of the tool can hardly conjugate with the gear tooth flanks, especially when the working gear requires profile modification, the skiving accuracy is always unsatisfying. Furthermore, lead modification of gear skiving is achieved based on the conventional shaping, hobbing, or grinding methods by changing the center distance between the cutter and the working gear successively in the cutting process. Therefore, the desired inconsistent tooth thickness can be obtained in the tooth width direction. However, the gear tooth flank can easily result twisted due to the effect of the general skiving method, especially when the working gear is helical and the helix angle is relatively large [14,15].



In this paper, the main goal is to improve the skiving accuracy by eliminating the theoretical errors of skiving modification. Moreover, a new skiving tool with double rake faces is proposed, and the mathematical model of curve-surface conjugated cutting edges of the skiving tool for enveloping the tooth flanks of work gear with profile modification is established. Then, the algorithm of the skiving tool path with alterable shaft angle is proposed to decrease the twist of gear tooth flanks with lead crowning. Simulations are conducted on theoretical studies to verify the proposed skiving methods.




2. Kinematical Basis of Gear Skiving


Several coordinate systems are introduced to describe the relative position and movement between the tool and the work gear. As shown in Figure 1a,b, the fixed coordinate systems of the work gear and the skiving tool are    S 1    and    S 2   , respectively. The tool setting parameters  ∑ ,  a , and  L  are used to define the shaft angle, the center distance, and the offset distance between the work gear and the skiving tool.    S w    and    S c    are the attached coordinate systems of the work gear and the tool, respectively. A new type of skiving tool with double rake faces of each cutting tooth is proposed to improve the skiving accuracy of gears with profile and lead modifications, as shown in Figure 1c. The two side rake angles and the cutting edges of the cutting tooth can be designed separately to improve the cutting performance of the skiving tool. Moreover, the two flanks of the work gear teeth can be skived separately to meet different modification requirements of the two flanks of the work gear teeth.



Three transfer matrices are defined to describe the transformation relations between the coordinate systems:     M   1 w     is the transfer matrix from    S w    to    S 1   ,     M   2 c     is the transfer matrix from    S c    to    S 2   , and     M   21     is the transfer matrix from    S 1    to    S 2   :


    M   1 w      φ w    =       cos  φ w      − sin  φ w     0   0      sin  φ w      cos  φ w     0   0     0   0   1   0     0   0   0   1       










    M   2 c      φ c    =       cos  φ c      − sin  φ c     0   0      sin  φ c      cos  φ c     0   0     0   0   1   0     0   0   0   1       










    M   21   =      1   0   0   a     0    cos ∑     − sin ∑     − L      0    sin ∑     cos ∑    0     0   0   0   1       








where    φ w    and    φ c    are the rotation angles of the work gear and the skiving tool, respectively.



The angular velocities of the skiving tool and the work gear are denoted as    ω c    and    ω w   , respectively. The relationship between the two angular velocities can be expressed as:


   ω w  = i  ω c  +   F    p z    ⋅ 2 π  



(1)




where F = [0 0 F]T is the axial feed velocity of the work gear which represents the axial feed amount of the work gear per revolution,    p z    is the helix lead of the work gear, and i is the transmission ratio that can be expressed as:


  i =  Z c  /  Z w   



(2)




where    Z c    and    Z w    are the numbers of teeth of the skiving tool and the work gear, respectively.




3. Profile Modification by Skiving Based on the Curve-Surface Meshing Principle


The previous study showed that skiving tooth profile errors will be produced if the cutting edges cannot conjugate with the gear tooth flanks [1]. Generally, profile modification of the work gear via skiving is achieved by correcting the tooth profile of the skiving tool in advance according to the profile modification of the work gear. However, due to the indirect and empirical modification method of gear skiving, the cutting edge cannot conjugate with the tooth flank of the work gear. Therefore, the theoretical machining errors of the skived work gear with profile modification are inevitable.



Suppose the cutting edges on the rake face of the skiving tool can be enveloped by the tooth flanks of the work gear with profile modification. In that case, they will be conjugated with the gear tooth flanks, and theoretical skiving errors can be eliminated.



There are two constraints for the curve-surface conjugated cutting-edge point: the point should be located on the rake face of the skiving tool, and the sliding velocity of the point relative to the work gear should be vertical with the gear tooth flank. Therefore, the curve-surface conjugated cutting edge can be expressed in    S 1    as:


          n  w  ⋅   v  c  = 0         r  c  =   r  w  −  L  −  a         



(3)




where     n  w    is the normal vector of a point on the gear tooth flank,     v  c    is the sliding velocity of the point on the cutting edge relative to the work gear,     r  c    is the position vector of the point on the rake face of the skiving tool,     r  w    is the position vector of a point on the gear tooth flank, L is the offset vector of the tool, and a is the center distance vector, as shown in Figure 1. L and a can be expressed as:


   L  =     0   − L   0    T   



(4)






   a  =     a   0   0    T   



(5)







The target tooth flank of the work gear is an involute helicoid with profile modification that can be expressed in    S w    as follows:


    r  w   w      u , θ   =          x w       y w       z w     1       T  =        r b  cos   u + θ   +  r b  u sin   u + θ   +  C r   u   I  w x          r b  sin   u + θ   −  r b  u cos   u + θ   +  C r   u   I  w y         p θ      1       



(6)




where    r b    is the base circle radius of the work gear, u is the involute parameter of the transverse tooth profile,    θ      is the rotation angle of the tooth profile about    z w   , p is the helix parameter,    C r   u    is the profile modification function taking u as the only variable,    I  w x     and    I  w y     are the components of the unit vector of    n w    in    x w    and    y w    directions that can be expressed in    S w      as follows:


    n  w   w      u , θ   =        n  w x          n  w y          n  w z         =       p  r b  u sin   u + θ         − p  r b  u cos   u + θ         u  r b 2         



(7)







Taking profile crowning as a numerical example, the profile modification function    C r   u    can be expressed as:


   C r   u  =  C M        r ( u ) −  r M     r  E n d   −  r M       2   



(8)




where   r  u    represents the radius of profile crowning,    r M    is the radius of the midpoint of profile crowning,    r  E n d     is the radius of the endpoint of profile crowning, and    C M    is the profile crowning, at the position    r  E n d    .



Based on the skiving kinematical principles, the sliding velocity     v  c    of the cutting point relative to the work gear can be divided into two parts: the relative velocity     v   c w     formed by the relative rolling between the skiving tool and the work gear, and differential velocity    v f   , coplanar with the gear tooth flank as shown in Figure 1d, formed by the axial differential feed F. Hence, the sliding velocity     v  c    can be expressed as:


    v  c  =   v   c w   +   v  f   



(9)







Since the differential velocity    v f    and the normal vector     n  w    of the gear tooth flank are perpendicular, the dot product of the two vectors is zero, i.e.,     n  w  ·   v  f  = 0  , Equation (3) can be simplified as follows:


          n  w  ⋅   v   c w   = 0         r  c  =   r  w  −  L  −  a         



(10)







If the point can fulfill Equation (10), the meshing point between the cutting edge and the target tooth flank can be obtained [1]. The normal vector     n  w    and the sliding velocity     v   c w     should be transferred to the same coordinate system    S 2    to conveniently solve the meshing equation:


    v   c w    2    =   v  c   2    −   v  w   2    = −   U   21   ⋅   U   1 w   ⋅    ω w  ×   r  w    +  ω c  ×     M   21   ⋅   M   1 w   ⋅   r  w   w      u , θ   −   U   21   ⋅  a  −   U   21   ⋅  L     =  ω c  ⋅ [     x w  sin  φ w    − i cos ∑ + 1   +      y w  cos  φ w    − i cos ∑ + 1   +  z w  i sin ∑ − i L cos ∑      x c    i cos  φ w  + sin  φ w    +      y w    cos  φ w  − i sin  φ w    − a i      x w  cos  φ w  sin ∑ −  y w  sin  φ w  sin ∑     1    ]  



(11)






      n  w   2      u , θ ,  φ w    =   U   21   ⋅   U   1 w   ⋅   n  w   w      u , θ       =        n  w x   cos  φ w  −  n  w y   sin  φ w         n  w x   cos ∑ sin  φ w  +  n  w y   cos ∑ cos  φ w  −  n  w z   sin ∑        n  w x   sin ∑ sin  φ w  +  n  w y   sin ∑ cos  φ w  +  n  w z    cos ∑           



(12)




where     U   1 w     is the upper-left 3 × 3 submatrix of     M   1 w     and     U   21     is the upper-left 3 × 3 submatrix of     M   21    . Equation (11) contains the transformation calculations of coordinates and vectors, so the dimensions of the transformation results are different, but when they are combined, the dimensions should be unified as a four-dimensional vector.



The curve-surface conjugated cutting edge of the skiving tool can be obtained by transferring the meshing point form        S   1    to    S c   . Since the cutting edges are conjugated with the tooth flanks of the work gear, the theoretical profile error of the skived work gear with profile modification can be eliminated.




4. Lead Modification by Skiving with Changeable Shaft Angle during Cutting


Generally, lead modification of gear skiving is achieved based on the conventional shaping, hobbing, or grinding by varying the center distance between the cutter and work gear successively in the cutting process. This may result in the twist of gear tooth flank of helical gear that can hardly be eliminated [14,15,16]. Similarly, lead modification of the gear by skiving is achieved by changing the center distance between the tool and the work gear during cutting to obtain the desired inconsistent tooth thickness in the tooth width direction. Since the differential velocity    v f    can hardly be perpendicular to the normal vector    n w    of the modified gear tooth flank on the pitch cylinder developed surface, as shown in Figure 2b, the gear tooth flank can be easily twisted, especially when the work gear is helical and the helix angle is relatively large [12]. Figure 2b,c are plotted on the unfold plane of pitch cylinder as shown in Figure 2a, and the direction of “B” is parallel to    z w    as shown in Figure 1 while the direction of “T” is coincident with the tangent direction of the pitch circle on the point “M”.



The alterable shaft angle skiving method is proposed to decrease the tooth flank twist of the work gear with lead modification. The two flanks of the work gear tooth are separately skived with alterable shaft angle in the cutting process. Hence, different lead modification requirements of the two tooth flanks can be achieved, and the tooth flank twist can be decreased more easily.



Taking lead crowning as a numerical example, the lead modification function    C b   b    on the pitch circle can be expressed as:


   C b   b  =  C β        b −  b M     b  E n d   −  b M       2   



(13)




where b represents the position of lead crowning in the    Z w    direction, as shown in Figure 1,    b M    is the midpoint of the lead modification,    b  E n d     is the endpoint of the lead modification, and    C β    is the lead modification at the position    b  E n d    . The start point of the lead modification is    b  S t    , as shown in Figure 2.



Compared with the general machining method of lead crowning gears by skiving, as shown in Figure 2b, the position and the orientation of the skiving tool on the tool path are adjusted in the alterable shaft angle skiving method to ensure that the helix tangent vector of the cutting tooth     t  β    is perpendicular to the normal vector     n  w    of the gear tooth flank as shown in Figure 2c. In this case, the direction of differential velocity     v  f    can be adjusted to be as perpendicular to the normal vector     n  w    as possible. Three additional variables are required to describe the adjustments:   Δ  ∑   b    is the variation of shaft angle between the skiving tool and the work gear which can be obtained by calculating the arctangent of the derivation of    C b   b   ,   Δ B  b    is the additional movement of the skiving cutter in the    Z w    direction as shown in Figure 1, and    C b ′   b    is the new lead crowning modification function.


  Δ  ∑   b  = a tan     2  C β  ( b −  b M  )     (  b  E n d   −  b M  )  2       



(14)






  Δ B  b  =  S e  sin   Δ  ∑   b     



(15)






    C ′  b   b  =  C b    b − Δ B    



(16)




where    S e    is the half tooth thickness of the cutting tooth on the pitch circle.




5. Mathematical Model of the Skived Gear Tooth Flank with Modifications


Theoretical study of the skiving cutting edge enveloping the gear tooth flank is carried out to verify the feasibility of the proposed skiving method for gears with profile and lead modification. Based on the calculation model of curve-surface conjugated cutting edges for the gear tooth flanks with profile modification, the position vector    r c    and the tangent vector    t c    of a point on the cutting edge of the skiving tool (taking u as the unique variable) can be expressed in    S c    as follows:


    r  c   u  =         x c   u       y c   u       z c   u     1      T   



(17)






    t  c   u  =   ∂   r  c   u    ∂ u    



(18)







The position vector and the tangent vector of the cutting point on the cutting edge can be expressed in    S 2    as follows:


    r  c   2      u ,  φ c    =   M   2 c   ⋅   r  c   u   



(19)






    t  c   2      u ,  φ c    =   U   2 c   ⋅   t  c   u   



(20)




where    U  2 c     is the upper-left 3 × 3 submatrix of     M   2 c    .



The relative sliding velocity of the cutting point on the cutter edge relative to the work gear can be expressed in    S 2    as follows:


       v   c w    2    =   v  c   2    −   v  w   2    =   U   2 c   ⋅     ω  c  ×   r  c    −     U   21   ⋅  ω w    ×     r  c   2    +   U   21   ⋅  a  +   U   21   ⋅  L         =  ω c  ⋅ [     x c  sin  φ c    i cos    ∑   ′  − 1   +      y c  cos  φ c    i cos    ∑   ′  − 1   +  z c  i sin    ∑   ′  − i L     −  x c  cos  φ c    i cos    ∑   ′  − 1   +      y c  sin  φ c    i cos    ∑   ′  − 1   − a i cos    ∑   ′      −  x c  i cos  φ c  sin    ∑   ′  +  y c  i sin  φ c  sin    ∑   ′  −     a i sin    ∑   ′     ]     



(21)




where     ∑  ′   b    is the shaft angle at different positions of lead modification that can be expressed as:


    ∑  ′   (  b  ) =  ∑  +  Δ   ∑  (  b )  



(22)







The differential velocity of the cutting point on the cutter edge relative to the work gear caused by the axial feed movement can be expressed in    S 2    as:


      v  f  ( 2 )   = −   U   21   ⋅  F  −  1 p      U   21   ⋅  F    ×     r  c   2    +   U   21   ⋅  a  +   U   21   ⋅  L        = −  F p  ⋅       −  x c  sin  φ c  cos    ∑ ′  −  y c  cos  φ c  cos    ∑ ′  −  z c  sin    ∑ ′  − L        x c  cos  φ c  cos    ∑ ′  −  y c  sin  φ c  cos    ∑ ′  + a cos    ∑ ′  − p sin    ∑ ′         x c  cos  φ c  sin    ∑ ′  −  y c  sin  φ c  sin    ∑ ′  + a sin    ∑ ′  + p cos    ∑ ′           



(23)







The tangent vector    t c   2      of a point on the cutting edge is coplanar with two velocity vectors    v f   2      and    v  c w    2      at each cutting position. Therefore, the following expression is true:


  f   u ,  φ c    = (   t  c  ( 2 )   ×   v  f  ( 2 )   ) ⋅   v   c w   ( 2 )   = 0  



(24)







If the point can satisfy Equation (24), it is a tooth flank point of the work gear after being transformed into the work gear coordinate system    S w   . The entire tooth flank of the work gear can be obtained by solving the upper meshing equations at each axial feeding position.



A numerical example of the cutting edge enveloping the gear tooth flank is carried out, which investigates the skiving accuracy of the gears with profile and lead modifications via the proposed methods. The basic parameters of the work gear used in the calculation are listed in Table 1. Basic parameters of skiving cutter and tool setting parameters are listed in Table 2.



Based on the parameters of tooth profile and lead modification listed in Table 3, profile crowning and lead crowning can be added to the tooth flanks of the work gear by use of Equations (8) and (13). The tooth surface topographic of the work gear is shown in Figure 3a. Figure 3b shows profile deviation curves of the work gear at tooth widths of 10 mm. Figure 3c is the calculated helix deviation of the work gear at a radius of 106.5 mm. The crowning amounts of the crowned work gear surface are listed in Table 4.



Based on the upper theoretical studies of profile modification and lead modification by skiving, the coordinates of the curve-surface conjugated cutting edge and the corresponding tool path can be calculated. The curve-surface conjugated cutting edge of the skiving tool can be obtained by solving the Equation (10) and transferring the meshing point form        S   1    to    S c   . Partial data of the cutting edge are provided in Table 5. The skiving tool path with alterable shaft angle can be calculated by using Equations (13)–(15). Partial data of the tool path are provided in Table 6.



Based on the theoretical study of the skiving cutting edge enveloping the gear tooth flank, a comparison between the general skiving method and the alterable shaft angle skiving method for eliminating the tooth flank twist of the work gear with lead crowning is carried out.



The deviation contour plot of the tooth flank enveloped via the general skiving method is shown in Figure 4a. This plot is obtained by comparing the enveloped gear tooth flank and the standard involute helicoid. It can be seen from the figure that the deviation of the side of the tooth surface is negative, which means the material of the tooth flank is removed at this part. Figure 4b shows profile deviation curves of the work gear at tooth widths of 0 mm, 10 mm, and 20 mm. Figure 4c is the calculated helix deviation of the work gear at a radius of 106.5 mm. According to the contour plot and the profile deviation plot, the shape and amplitude of the tooth profile deviation curves at different tooth widths are inconsistent. Moreover, the midpoint of tooth profile modification at a tooth width of 20 mm shifts to the addendum compared with the tooth profile at 0 mm, while the midpoint of modification at the tooth width of 0 mm shifts to dedendum, which means that a tooth flank twist appears.



The deviation contour plot of the tooth flank enveloped via the alterable shaft angle skiving method is shown in Figure 5b. The shapes and amplitudes of the tooth profile curves are quite similar, which means the tooth flank twist is decreased.




6. Skiving Simulation and Verification


Presently, the proposed skiving method with alterable shaft angle cannot be realized on the existing gear skiving machine tools, because the swing axis A must be fixed in the skiving process, which is used to set the shaft angle   ∑  , so machining simulation analyses are carried out using UG software which offers better performance in surface modeling. Based on the method shown in [17], the feasibility of the proposed skiving method for gears with profile and lead modifications can be verified. The five-axis skiving machine tool model is built as shown in Figure 6. The center distance a can be set by moving the X axis. The offset distance   L   can be set by moving the Y axis. The feeding of the work gear can be driven by the Z axis. The A axis is the swing axis that rotates about the X-axis, which can be used to set the shaft angle   ∑  . The  C  and the  B  axes are the work gear rotation axis and the skiving tool rotation axis, respectively, which are coupled together by the electronic gearbox.



The basic parameters of the skiving cutter and the work gear are shown in Table 1 and Table 2. The curve-surface conjugated cutting edge and the skiving cutter’s tool path can be obtained using the proposed mathematical models in Section 3 and Section 4. In the gear skiving simulation, the feed amount of the work gear is 0.4 mm per revolution. Therefore, the teeth flanks of the work gear are composed of a series of tool marks left by the cutting edges of the skiving tool. Tooth flank deviation of the skived gear should be obtained to verify the abovementioned mathematical models. Thus, a comparison between the skived gear tooth flank and the standard involute helicoids is conducted, and the coordinates of points on the transverse tooth profiles and the lead curves of the enveloped tooth flanks are measured in the UG software. Profile and lead deviations can be calculated using the algorithms from [11]. The tooth profile deviation can be obtained by comparing the measured transverse tooth profile of the work gear tooth flank with the standard involute tooth profile. The lead deviation can be obtained by comparing the measured helical line on the pitch cylinder of the work gear tooth with the theoretical helix.



Two comparative simulations are carried out. The gear tooth is generated in simulation I via the general skiving method. The deviation contour plot of the enveloped gear tooth flank and the measurement results of the tooth profile deviations and the lead deviation are shown in Figure 7a. Figure 7b shows profile deviation curves of the work gear at tooth widths of 0 mm, 10 mm, and 20 mm. Figure 7c is the measured helix deviation of the work gear at a radius of 106.5 mm. It can be seen from the figures that the measurement results of tooth flank deviation are extraordinarily close to the theoretical calculations. The shape of the gear tooth profile changes from the left side of the gear tooth to the right side, while the maximum variation of the profile deviation in the tooth width direction is approximately 20 μm, which means that a tooth flank twist appears. Since the total profile modification amount is only 15 μm, the twist of the tooth flank is serious and nonignorable.



Simulation II is conducted based on the proposed alterable shaft angle skiving method for gears with modifications proposed in this paper. The enveloped gear tooth flanks and the measurement results are shown in Figure 8. The maximum variation of the profile deviation in the tooth width direction is decreased to approximately 3 μm. Therefore, it can be concluded that the tooth flank twist can be decreased and skiving accuracy can be improved using the proposed skiving method for gears with profile and lead modification.




7. Conclusions


In this paper, a new type of skiving tool with double rake faces for each cutting tooth was proposed. The two side rake angles and the cutting edges of the cutting tooth can be separately designed to more easily meet different modification requirements of the two flanks of the work gear teeth.



The algorithm of the curve-surface conjugated cutting edge of the skiving tool for enveloping the tooth flanks of the work gear with profile modification was proposed. The theoretical skiving error of the work gears with profile modification can be eliminated.



The algorithm of the skiving tool path with an alterable shaft angle was proposed. It was observed that the tooth flank twist of the skived work gear with lead crowning modification could be decreased.



The skiving simulations were carried out. The results show that the tooth profile accuracy of the skived work gear with profile modification can be ensured, and the twist of gear tooth flanks can be decreased using the proposed skiving method.
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Nomenclature




	    S 1    
	the fixed coordinate system of work gear



	    S 2    
	the fixed coordinate system of tool



	  ∑  
	shaft angle



	  a  
	center distance



	  L  
	offset distance



	    S w    
	the attached coordinate system of work gear



	    S c    
	the attached coordinate system of tool



	     M   1 w     
	transfer-matrix from    S w    to    S 1   



	     M   21     
	transfer-matrix from    S 1    to    S 2   



	     M   2 c     
	transfer-matrix from    S c    to    S 2   



	    φ w    
	rotation angle of work gear



	    φ c    
	rotation angle of honing wheel



	    ω w    
	angular velocity of work gear



	    ω c    
	angular velocity of honing wheel



	F
	axial feed velocity of work gear



	    P z    
	helix lead of work gear



	i
	transmission ratio



	    Z c    
	number of teeth of tool



	    Z w    
	number of teeth of work gear



	     n  w    
	normal vector of a point on gear tooth flank



	     v  c    
	sliding velocity of cutting point



	     r  c    
	position vector of a point on rake face



	     r  w    
	position vector of a point on gear tooth flank



	L
	offset vector of tool



	a
	center distance vector



	    r b    
	base circle radius of work gear



	u
	involute parameter of transverse tooth profile



	  θ  
	rotation angle of transverse tooth profile



	    C r   u    
	profile modification function



	   r  u    
	radius of profile modification



	    r M    
	radius of the midpoint of profile modification



	    r  End     
	radius of the endpoint of profile modification



	        C   M    
	profile modification at the position    r  End    



	    I  wx     
	unit vector component of    n w    in    x w    direction



	    I  wy     
	unit vector component of    n w    in    y w    direction



	     v   cw     
	relative velocity



	     v  f    
	differential velocity



	     U   1 w     
	upper-left 3 × 3 submatrix of    M  1 w    



	     U   21     
	upper-left 3 × 3 submatrix of    M  21    



	    C b   b    
	lead-crowning modification function



	b
	position variable of lead modification



	    b M    
	midpoint of lead modification



	    b  End     
	endpoint of lead modification



	    C β    
	lead modification amount at position    b  End    



	   Δ  ∑   b    
	variation of shaft angle



	   Δ B  b    
	additional movement of skiving cutter



	    C b ′    
	new lead-crowning modification function



	    S e    
	half tooth thickness of cutting tooth



	     t  c    
	tangent vector of a point on cutting edge



	    L  2 c     
	upper-left 3 × 3 submatrix of     M   2 c    



	     ∑    ′   b    
	new shaft angle
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Figure 1. Skiving coordinate systems and double-rake-face skiving tool. (a) Front view, (b) Top view, (c) Tooth shape, (d) Tooth surface generation. 
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Figure 2. Skiving methods for lead crowning gear. (a) gear tooth flank enveloped by the cutting tooth, (b) general method of the skiving, (c) method of the skiving with alterable shaft angle. 
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Figure 3. Crowned work gear surfaces. (a) topography of the crowned work gear surfaces, (b) profile deviation, (c) helix deviation. 
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Figure 4. Calculated deviations of the gear tooth flank enveloped via general skiving method. (a) deviation contour plot, (b) profile deviation, (c) helix deviation. 
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Figure 5. Calculated deviations of the gear tooth flank enveloped via alterable shaft angle skiving method. (a) deviation contour plot, (b) profile deviation, (c) helix deviation. 
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Figure 6. Model of the skiving machine tool. 
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Figure 7. Measured deviations of the tooth flank enveloped via general skiving method. (a) deviation contour plot, (b) profile deviation, (c) helix deviation. 
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Figure 8. Measured deviations of the tooth flank enveloped via alterable shaft angle skiving method. (a) deviation contour plot, (b) profile deviation, (c) helix deviation. 
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Table 1. Basic parameters of the work gear.
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	Parameter
	Symbol
	Value





	Number of teeth
	    Z w    
	113



	Normal module
	    m n    
	1.8



	Normal pressure angle (°)
	    α n    
	20



	Helix angle (°)
	    β w    
	14 (Left)



	Face width (mm)
	  B  
	20



	Normal modification coefficient
	    x n    
	−0.7789



	Radius of the pitch circle
	    r t    
	104.813



	Radius of the addendum circle
	    r a    
	104.415



	Radius of the dedendum circle
	    r f    
	108.465
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Table 2. Basic parameters of the skiving cutter and tool setting parameters.
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	Parameter
	Symbol
	Value





	Number of teeth
	    Z c    
	56



	Helix angle (°)
	    β c    
	0



	The rake angle of the top edge (°)
	    γ t    
	0



	The rake angle of the left edge (°)
	    γ L    
	5



	The rake angle of the right edge (°)
	    γ R    
	5



	Clearance angle of the top edge (°)
	    α t    
	0



	Shaft angle (°)
	   ∑   
	16.942



	Centre distance (mm)
	  α  
	44.823



	Offset distance (mm)
	L
	33.261



	The feed of the work gear per revolution (mm)
	q
	0.1
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Table 3. Parameters of tooth profile and lead modification.






Table 3. Parameters of tooth profile and lead modification.





	Parameter
	Symbol
	Value





	radius of the midpoint of profile crowning (mm)
	    r M    
	106.24



	radius of the endpoint of profile crowning (mm)
	    r  End     
	108



	profile crowning at    r  End     (μm)
	        C   M    
	15



	midpoint position of lead crowning (mm)
	    b M    
	9



	endpoint position of lead crowning (mm)
	    b  end     
	18



	Lead crowning at    b  end     (μm)
	    C β    
	25
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Table 4. Crowning amounts of the crowned work gear surface. (Unit: μm).
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	A
	B
	C
	D
	E
	F





	1
	18.1
	28.4
	32.9
	31.6
	24.5
	11.6



	2
	27.3
	37.6
	42.1
	40.8
	33.7
	20.8



	3
	34.3
	44.5
	49.0
	47.7
	40.6
	27.7



	4
	38.9
	49.2
	53.7
	52.4
	45.3
	32.4



	5
	41.2
	51.5
	56.0
	54.7
	47.6
	34.7



	6
	41.2
	51.5
	56.0
	54.7
	47.6
	34.7



	7
	38.9
	49.2
	53.7
	52.4
	45.3
	32.4



	8
	34.3
	44.5
	49.0
	47.7
	40.6
	27.7



	9
	27.3
	37.6
	42.1
	40.8
	33.7
	20.8



	10
	18.1
	28.4
	32.9
	31.6
	24.5
	11.6



	11
	6.5
	16.8
	21.3
	20.0
	12.9
	0.0
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Table 5. Partial data of coordinates of the side cutting edge.
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	X/mm
	Y/mm
	Z/mm





	1
	49.5254
	1.9161
	0.1676



	10
	49.9850
	1.7813
	0.1558



	20
	50.5442
	1.6000
	0.1400



	30
	51.1528
	1.3819
	0.1209



	…
	…
	…
	…



	60
	53.2574
	0.4688
	0.0410










[image: Table] 





Table 6. Partial data of skiving tool path.






Table 6. Partial data of skiving tool path.













	
	B/mm
	    C   b    /mm
	  Δ  B   /mm
	    C   b  ′    mm
	  Δ  ∑   /°





	1
	0.8148
	0.0784
	−0.9634
	0.0872
	−0.5073



	2
	0.9148
	0.0775
	−0.9584
	0.0862
	−0.5045



	3
	1.0148
	0.0766
	−0.9534
	0.0852
	−0.5016



	4
	1.1148
	0.0757
	−0.9484
	0.0843
	−0.4987



	…
	…
	…
	…
	…
	…



	332
	33.9148
	0.0592
	0.8462
	0.0659
	0.4409
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