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Abstract

:

Coolant channels allow internal coolant delivery to the cutting region and significantly improve drilling, but these channels also reduce the torsional and torsional-axial stiffness of the drills. Such a reduction in stiffness can degrade the quality of the drilled holes. The evacuation of cutting chips and the delivery of the cutting fluid put strict geometrical restrictions on the cross-section design of the drill. This necessitates careful selection and optimization of features such as the geometry of the coolant channels. This paper presents a new method that uses Prandtl’s stress function to predict the torsional and torsional-axial stiffness values. Using this method drills with one central channel are compared to those with two eccentric coolant channels, which shows that with the same cross-section area, the reduction of axial and torsional-axial stiffness is notably smaller for the design with two eccentric channels compared to a single central channel. The stress function method is further used to select the appropriate location of the eccentric coolant channels to minimize the loss of torsional and torsional-axial stiffness. These results are verified by comparison to the results of three-dimensional finite element analyses.
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1. Introduction


Internal cutting fluid delivery in drilling brings the high-pressure cutting fluid very close to the rake and/or flank faces in the cutting zone and improves the operation by efficiently transferring heat and reducing the cutting-edge temperature. An increase of tool life or material removal rate in drills with internal coolant holes in the drilling of steels and cast iron is shown by Brockman et al. [1]. Oxford mentions increased feed rate, longer tool life, and the possibility of drilling deeper holes as an advantage of drills with coolant holes [2]. Internal coolant delivery pushes chips out of the drilled hole and prevents chip-clogging. The use of cutting fluids in drilling improves hole quality factors such as perpendicularity and cylindricity in drilling [3]. Reducing the drill’s temperature using the cutting fluid can also improve the drilling precision [4]. Furthermore, internal coolant supply allows higher cutting speeds while reducing undesirable effects such as subsurface grain deformation [5] and burrs [6] on the machined parts.



Internal cutting fluid delivery is possible with channels within the drill body running from the drill shank to the tip of the drill. Drills with internal coolant delivery channels are designed either with a central straight channel or with eccentric helical channels that follow the helical flutes. Creating coolant channels in a drill reduces its torsional and torsional-axial stiffness. Torsional stiffness determines how much a drill twists under an applied cutting torque. For a solid drill (without coolant holes), Oxford has shown that the torsional rigidity of a drill is dependent on the diameter of a circle that could be inscribed in the drill cross-section normal to its axis [2]. Torsional-axial stiffness determines how much that drill twists due to an axial load or how much its length changes due to an applied torque. The dimensional accuracy of a drilled hole is affected by deformations of the drill structure hence by the mentioned stiffness parameters.



The torsional-axial stiffness of a helical drill is caused by the pre-twist of the helical flute geometry which creates a coupling between torsion and elongation due to warping of the cross-section [7,8,9]. Bayly et al. in [10] showed that the coupling between torsional and axial directions in drills causes a self-induced vibration known as regenerative chatter vibration. In torsional-axial chatter, a sun-ray pattern is formed at the end of the hole which in combination with the cutting-edge movement affects the chip thickness and causes regenerative vibrations [10]. Torsional-axial chatter vibration in drilling is further discussed in [11,12,13,14,15]. A drill with a higher torsional-axial stiffness deflects less in the axial direction due to applied torques and therefore it has higher robustness against torsional-axial chatter. Although there are cases where vibrations can improve the drilling process [16,17,18], often it is desirable to minimize the dynamic deformations and vibrations in drilling.



To achieve higher torsional and torsional-axial stiffness, several approaches are proposed in the literature. By considering Prandtl’s analogy, De Beer in [19] pointed out the importance of the web thickness and mentions that a reduction in web thickness reduces the stiffness of a drill. According to Spur et al. [20], the distribution of the cross-section area affects the torsional stiffness via its effect on the polar second moment of the area (   I p   ). Therefore, if the area is concentrated at the center,    I p    and consequently, the torsional stiffness is reduced [20]. From this, it was concluded that it is beneficial to place the coolant channel at the center of the drill to decrease the reduction of    I p    and hence the torsional stiffness. This suggestion is challenged in the current work, as it is shown that a twin-eccentric channel design has a higher stiffness. The reason is that    I p    only includes the effect of the area distribution and it does not consider the distribution of the shear stress over the cross-section.



Usually, during the design of a drill, several different design parameters must be optimized. While three-dimensional finite element analysis (3D FEA) could be used for the calculation of torsional and torsional-axial stiffness of drill designs with coolant channels, the 3D FEA is rather slow and thus generally unsuitable for design optimization of the location of the coolant channels along with other design parameters. Furthermore, 3D FEA does not provide a direct guideline for choosing the shape and location of the coolant channels. During design optimization, it is a good strategy to start with computationally efficient models, to obtain optimal values for some of the design parameters (such as coolant channel positions) as a function of other design parameters. This reduces the dimension of the design parameter space. By doing so, it becomes possible to make more iterations to find other design parameters such as the shape and size of chip evacuation channels. Given the computational advantage of the presented 2D method, the coolant channel positions could be immediately selected for any combination of other design parameters, allowing a higher number of iterations for those remaining design parameters.



To the best knowledge of the authors of this study, a fast guideline for positioning coolant channels has not been offered earlier in the literature. This paper attempts to fill this gap by using the two-dimensional Prandtl’s stress function method for stiffness prediction in drills with or without coolant channels which furthermore provides a guideline for the selection of the position of the coolant channels.



The study tasks of the present paper are formulated as the following questions:




	
How a 2D method could be established for the calculation of both the torsional and torsional-axial stiffness of a drill (with and without coolant channels)?



	
How precise is the 2D method in comparison to the 3D FEM in the calculation of the torsional and torsional-axial stiffness?



	
Can optimal positions for coolant channels be accurately estimated based on the presented 2D method?








Table 1 lists and describes symbols used in this paper.




2. Materials and Methods


2.1. Modeling with Stress Function


Common drills can be categorized into drills with straight flutes, drills with helical flutes, and drills with variable cross-sections. A straight-flute drill has a constant cross-section and a zero-helix angle (zero pre-twist). It can be considered as a prismatic bar with a non-circular cross-section. In this case, the torsional stiffness of the drill (   K  ϕ ϕ    ) is equal to the torsional stiffness of the cross-section ( C ) in Nm2/rad, obtained from Prandtl’s stress function, divided by the length of the drill. A drill with helical flutes, i.e., with a nonzero helix angle, can be considered a pre-twisted beam. In this case, the torsional stiffness of the drill and the torsional stiffness of the cross-section do not have the same relationship as in straight tools; however, it is still reasonable to assume that higher torsional stiffness of the cross-section ( C ) also leads to a higher torsional stiffness in drills with helical flutes.



The variable cross-section drills, with the arbitrary variation of the cross-section along the drill axis, have the most general geometry, but due to the complexity of their modeling and their limited application, they are not covered here. In the most general form, the cross-section of a drill with a non-circular cross-section is represented by region A as shown in Figure 1.



Using Prandtl’s stress function,  ψ , torsion of the noncircular cross-section  A  can be formulated with the following differential equation and its boundary condition [21]:


  ∇ ⋅  (   1 G  ∇ ψ  )  = − 2 θ ,   ψ = 0    on    Γ  



(1)




where  θ  is the amount of applied twist per unit length [21].  Γ  is the external boundary of the cross-section as shown in Figure 1, and  G  is the shear modulus of the material [21]. For a constant     G   over the cross-section, the partial differential equation, PDE, presented in Equation (1) becomes a Poisson equation with Dirichlet boundary conditions. This equation has analytical solutions on simple domains such as elliptic, triangular, and rectangular cross-sections [22]; however, it has no analytical solution for the complex geometry of drills including coolant channels. Therefore, numerical methods, such as the 2D finite element method, are used to solve this equation [21]. After calculating the stress function, the torque,  T , is calculated as follows [21]:


  T = 2   ∫  A   ψ d A  



(2)







The torsional stiffness of the cross-section,  C , is defined as [21]:


  C =  T θ     



(3)







Since  θ  is in   rad / m  , the unit of  C  is     Nm  2  / rad  .  C  is numerically equal to the amount of torque needed to twist the beam of unit length, one radian.




2.2. Torsional-Axial Coupling


According to Hodges, the amount of this twist,  ϕ , when an axial force,    F z   , is applied on a helical beam with a pre-twist of  β , is related to    F z    as [8]:


   (  G J +    F z   I p   A   )  ϕ = −    F z   A   (   I p  − J  )  β      



(4)







   I p    is the second polar moment of area,  J  is defined as the ratio   C / G  . The torsional-axial stiffness (   K  ϕ z    ) is equal to    F z  / ϕ  . Since    F z    is present on both sides of Equation (4), it is difficult to separate    F z  / ϕ   from the rest of the equation; however, generally   G J ≫  F z   I p  / A  , since while  J  and    I p    have the same order of magnitude,  G  is tens of gigapascals while    F z  / A   is usually much smaller. From Equation (4) the following approximate relationship is obtained:


   K  ϕ z   =    F z   ϕ  ≅ −   G A    (   I p  / J − 1  )  β        



(5)







According to Equation (5), the magnitude of the torsional-axial stiffness is proportional to      (   I p  / J − 1  )    − 1    . The minimum possible value for    I p  / J   is 1 which is achieved by a circular cross-section, otherwise    I p  / J > 1     and therefore    (   I p  / J − 1  )  > 0  . To obtain the maximum magnitude of the torsional-axial stiffness,     I p  / J   should be minimized.



The relationship between the shear stress components and Prandtl’s stress function is shown in Equation (6) [21]:


   τ  x z   =   ∂ ψ   ∂ y   ,   τ  y z   = −   ∂ ψ   ∂ x    



(6)







The boundary condition     ψ = 0  , given in Equation (1), applies to the external boundary only. With the presence of coolant channels in the cross-section,  ψ  is constant on the boundaries of the channels (holes), but not necessarily zero [23]. In this case, to solve Equation (1) one approach is to assume that the holes are filled with a material with a very low shear modulus compared to the material of the beam [23,24]. This way, Equation (1) could be used to solve the equation over the multi-connected domain, Figure 1b, and in regions representing holes ( B ), the small shear modulus is applied.




2.3. Optimal Eccentric Coolant Channel Positioning


In regions with small shear stress, the drill material contributes very little to torsional energy storage thus it is reasonable to remove material from these regions to create coolant channels. According to Equations (6) and (7), the minimum shear happens at saddle points or extrema of the stress function  ψ ; therefore, in our proposed method, the coolant channels should be positioned on these extrema regions.





3. Results


In this section, first, the results of the 2D investigation are presented and compared to the result of the 3D finite element simulation. After that, the 2D method is used for investigating the effects of design parameters. To compare different designs, the following parameters are selected, diameter: 24 mm, length of the twisted section: 240 mm, and total uniform pre-twist angle of 417.1°. It is also assumed that the drills are made of typical steel, with a modulus of elasticity of 200 GPa and a Poisson’s ratio of 0.3. The cross-section of a typical drill without any coolant channel is shown in Figure 2a. This design is referred to as the “solid drill” in this paper. Drills with coolant channels often either have one central channel (Figure 2b) or two eccentric channels in opposite directions; as shown in Figure 2c. For drills with coolant channels a typical total coolant channel area of 17     mm  2    is selected, which results in channel radii of 2.326 mm and 1.645 mm for the single-channel and two-channel designs, respectively, as shown in Figure 2.



3.1. Stiffness Calculation Using Prandtl’s Stress Function


To calculate the stiffness values, the torque to cause a 1° (  = π / 180   rad )     torsion per 240 mm is calculated. Prandtl’s stress function is obtained by solving Equation (1) numerically which leads to the result shown in Figure 3 for the solid drill. For this drill, a torque of 19.99 Nm is calculated according to Equation (2), which corresponds to the torsional stiffness of 1145 Nm/rad. Using Equation (3) the torsional stiffness of the cross-section,  C , is calculated as 274.9 Nm2/rad.



With a single central channel, Prandtl’s stress function is calculated as shown in Figure 4a. In this case, an 18.54 Nm torque is required to achieve the mentioned torsion. Thus, the torsional stiffness is calculated as 1062 Nm/rad which is 7.3% lower than the solid drill.



With two eccentric coolant channels, to minimize the negative effect of the channels on the torsional stiffness of the cross-section, these channels are placed at positions where the magnitude of shear stress due to torsion is small. From Equation (6), it is concluded that the shear stress components are zero at the saddle point at the center and the two local minima which are shown in Figure 3. If the channels are placed at the local minima, the obtained Prandtl’s stress function is calculated as shown in Figure 4b. For this case, to twist the drill 1°, a torque of 19.83 Nm is needed, corresponding to the torsional stiffness of 1136 Nm/rad, which is only 0.8% lower than the torsional stiffness of the solid drill.




3.2. Comparison to 3D Finite Element


A three-dimensional finite element analysis (3D FEA) implemented in a commercial software package (Ansys) is used to evaluate the results obtained from the 2D stress function method. The drill designs are meshed using ten-node tetrahedral (TET10) elements. Fixed (all degrees of freedom) boundary condition is assumed on the surface of the cylindrical shank of the drills, resembling the connection condition in a high-stiffness tool holder. Finally, a 1 Nm torque is applied on the top surface of the drills. The torsional and torsional-axial stiffness values are calculated using the displacement results for this force application.



3.2.1. Torsional Stiffness


Figure 5 presents the tangential displacements calculated by the 3D FEA. To calculate the torsional stiffness of each drill, the rotation angle on the top surface is obtained by dividing tangential displacement on the peripheral corner by the radius of the drill, 12 mm. The resulting torsional stiffness values are presented in Table 2 and compared to the results of the 2D method. The 3D FEM results show that the torsional stiffness of the single-channel drill reduces more significantly (9.7%) compared to the two-channel drill where the reduction is relatively negligible (1.1%). A rather similar trend was also predicted by the 2D method using Prandtl’s stress function, with slightly different numbers, i.e., 7.3% and 0.8% reduction for the single-channel and two-channel drills, respectively.



The stiffness values calculated using 3D FEA, for all drill designs are about 10% higher than those calculated by the 2D method. This is due to the assumption of a zero-twist angle in the 2D calculations with Prandtl’s stress function. Figure 6 shows how torsional stiffness increases when the twist angle increases according to the 3D FEA simulation for the solid drill. As it is shown, the stiffness obtained by 3D FEA approaches the 2D result as the total twist approaches zero.




3.2.2. Torsional-Axial Stiffness


Figure 7 shows the axial deformation of drills due to the application of 1 Nm torque. Negative values for the axial deformations indicate the length reduction as the torque is applied in the direction of the helix and opposite to the direction of the cutting torque. This shows that, at its extreme, the magnitude of axial deformation increases by 27% for the single-channel drill and by only 2.1% for the two-channel drill compared to the solid drill.



Axial deformation (warping) of the top surface of drills is shown in Figure 8. This figure shows that the two-channel drill’s deformation is very close to the deformation of the solid drill and considerably less than the deformation of the single-channel drill. This indicates that the torsional-axial stiffness also reduces slightly for the two-channel design.



Table 3 compares the torsional-axial stiffness as estimated from the 2D method (Equation (5)) and the results of the 3D FEA. As shown in Figure 8, as the top surfaces of all drills warp due to the twisting torque, the displacements of the top surface are not a single value; therefore, in the case of the 3D FEM, the average of maximum and minimum displacements are used to calculate the torsional-axial stiffness. As can be seen, reduction in torsional-axial stiffness is negligible (−1.8%) when the two-channel design is used and much pronounced for the single-channel design (19.8%); and similar to the torsional stiffness, the 3D FEA calculates 7–12% higher values for the torsional-axial stiffness compared to the 2D method.





3.3. Effects of Design Parameters on Stiffness


The effect of the coolant channel’s cross-section area on the torsional stiffness is shown in Figure 9 for both single-channel and two-channel designs, which shows the superiority of the later design in terms of torsional stiffness for other coolant area values as well.



The reduction of the stiffness, due to coolant channels, is affected by the channel positions. Figure 10 shows the reduction of the torsional and the torsional-axial stiffness of the two-channel drill, as the upper coolant hole moves radially along the dash-dot line shown in Figure 2c. This line passes through the drill’s center and the local minimum which is shown in Figure 3 and since the cross-section is symmetric it also passes through the lower channel’s center. As observed from Figure 10, the maximum torsional stiffness is achieved if the center of the coolant channel has a radial distance of approximately 7 mm which is close to the radial distance of the upper local minimum shown in Figure 3. Figure 10 also shows that for torsional-axial stiffness, the radial position to achieve the minimum reduction is slightly larger which is due to the effect of the coolant channels on    I p   . As mentioned earlier, to maximize the torsional-axial stiffness, the ratio between    I p    and  J , i.e.,    I p  / J  , must be minimized. If    I p    was independent of the location of the channels, this ratio could be minimized by maximizing  J , hence the same result as torsional stiffness could be obtained. However, since    I p    decreases as the hole moves away from the center—a direct conclusion from the formula for the second moment of the area—minimum reduction of torsional-axial stiffness occurs at a slightly higher radial distance compared to the torsional stiffness.





4. Discussion


The solution of Prandtl’s stress function for a solid drill (Figure 3) helped in the selection of the optimal coolant channel position for the drill with twin eccentric channels. The stress function investigation also showed that the reduction in stiffness is much smaller for the twin-channel design compared to the drill with a single central channel. These results were confirmed with 3D finite element analysis as shown in Table 2 and Table 3; however, the values predicted by the 3D FEA were always 8–14% higher than those predicted by the 2D solution. It was shown in Figure 6 that the results of the 3D simulation would approach the results of the stress function method if the twist angle was reduced to zero. In other words, the approximation caused by ignoring the pre-twist angle in 2D calculations explains the lower torsional stiffness values obtained compared to the results of the 3D FEA. In the case of the torsional-axial stiffness, the pre-twist angle is included in the 2D calculations, see Equation (5), but other approximations included in the derivation equation could be the source of the disagreement.



It was also shown that placement of the coolant channels on the extrema of Prandtl’s stress function results in a minimal reduction of the torsional stiffness as moving the coolant channel from those positions would lead to a higher reduction in stiffness, as shown in Figure 10. The torsional-axial stiffness reaches the best condition at points slightly farther, because of the effect of the holes on the polar second moment of area,    I p   ; however, this effect is negligible, and the proposed method efficiently mitigates the effect of coolant channels on the torsional-axial stiffness as well.



To the knowledge of the authors, the 2D method for finding the optimal positions for the coolant channels is introduced for the first time in this paper. The method has a low computational cost, compared to multiple iterations with 3D Finite Element Analysis, which makes it a suitable method for batch simulation and evaluation of several different drilling tools.



There are few assumptions in the proposed method which should be considered in extending its application. The method assumes an isotropic and homogenous drill body material with a linear elastic behavior. It further assumes that the manufacturing process of the coolant channels does not change the material behavior.



While this study shows that eccentric coolant channels are advantageous in terms of torsional and torsional-axial stiffness of helical drills, they should be made as helical channels with the same pitch as the flutes. Manufacturing these helical channels is more complex and costly compared to the manufacturing of a single central straight channel; this may motivate the selection of the later design in some applications.




5. Conclusions


In summary, the following conclusions are made:




	(1)

	
The novel method of placement of the coolant channels around the minima of Prandtl’s stress function leads to the minimum reduction of the torsional stiffness. As an example, as shown in Figure 10, a 0.80% reduction in optimum condition is achieved while for a non-optimal positioning the stiffness is reduced by about 10%. The minimum reduction of the torsional-axial stiffness (0.81%) is achieved at a negligibly larger radial position (about 0.5 mm in a 12 mm radius).




	(2)

	
The predictions of the 2D method in terms of superiority of eccentric channel design are confirmed with the slower 3D Finite Element Analysis. Due to ignoring the pre-twist angle in the 2D calculation of torsional stiffness and other simplifying assumptions, the 2D method predicts slightly (8–14%) lower stiffness values compared to the 3D FEA.




	(3)

	
The present 2D significantly improves the optimal design parameter selection in the design of drills with coolant channels by simplifying the optimization problem via effectively reducing the number of design parameters that need optimization.
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Figure 1. A drill cross-section, A, with the boundary  Γ . (a) without hole, (b) with a hole, B. 
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Figure 2. Typical drill cross-sections: (a) solid drill (b) with a single coolant channel (c) with two coolant channels. Drills with coolant channels have total hole areas equal to 17 mm2. (Length parameters are in mm.) 
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Figure 3. Prandtl’s stress function  ψ  for the cross-section shown in Figure 2a; in local minima points, the shear stress components (derivatives of Prandtl’s stress function) are zero. 






Figure 3. Prandtl’s stress function  ψ  for the cross-section shown in Figure 2a; in local minima points, the shear stress components (derivatives of Prandtl’s stress function) are zero.



[image: Metals 11 01473 g003]







[image: Metals 11 01473 g004 550] 





Figure 4. Prandtl’s stress function ( ψ ), for drills with (a) a single central coolant channel and (b) twin eccentric channels placed at the minima shown in Figure 3. 
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Figure 5. Tangential displacement with 3D FEA for the (a) solid drill (max: 9.21 μm), (b) drill with a central channel (max: 10.21 μm), (c) two-channel drill (max: 9.31 μm). 
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Figure 6. Torsional stiffness versus total pre-twist angle for the solid drill, according to the 3D FEM model. 
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Figure 7. Axial displacement in meters calculated by 3D FEM for the (a) solid drill (max: 1.43 μm), (b) drill with a central channel (max: 1.82 μm), (c) two-channel drill (max: 1.46 μm). 
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Figure 8. Axial deformation (warping) of the top surface as calculated by the 3D FEM (a) solid drill (max: 1.43 μm), (b) drill with a central channel (max: 1.82 μm), (c) two-channel drill (max: 1.46 μm). 
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Figure 9. Torsional stiffness versus total cross-section area of the coolant channels. 
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Figure 10. Reduction in torsional and torsional-axial stiffness versus the radial position of the upper coolant channel. 
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Table 1. Nomenclature.






Table 1. Nomenclature.





	Symbol
	Unit
	Description





	  A  
	    m 2    
	Cross-section of the drill



	  C  
	     Nm  2  / rad   
	Torsional stiffness of the cross-section



	  D  
	m
	The diameter of the drill



	    F z    
	  N  
	Axial force



	  G  
	   Pa   
	Shear modulus



	    I p    
	    m 4    
	The polar second moment of area



	  J  
	    m 4    
	The ratio of torsional stiffness to shear modulus   J = C / G  



	    K  ϕ ϕ     
	   Nm / rad   
	Torsional stiffness



	    K  ϕ z   =  K  z ϕ     
	  N  
	Torsional-axial stiffness



	  L  
	  m  
	Length of the drill



	  T  
	   Nm   
	Torque



	  β  
	   rad   
	Pre-twist in the structure



	  Γ  
	-
	The Boundary of the cross-section



	  θ  
	   rad / m   
	Twist per unit length



	   τ  x z    ,   τ  y z    
	   Pa   
	Components of the shear stress



	  ϕ  
	   rad   
	Twist due to the axial force



	  ψ  
	   N / m   
	Prandtl’s stress function
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Table 2. Torsional stiffness calculated by the 2D method and 3D FEA.
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	Parameter
	2D
	3D FEA





	Torsional Stiffness, solid drill (Nm/rad)
	1145
	1303



	Torsional Stiffness, single-channel drill (Nm/rad)
	1062
	1176



	Torsional Stiffness change, single-channel drill vs. solid drill
	−7.3%
	−9.7%



	Torsional Stiffness, two-channel drill (Nm/rad)
	1136
	1289



	Torsional Stiffness change, two-channel drill vs. solid drill
	−0.8%
	−1.1%
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Table 3. Torsional-axial stiffness calculated using the 2D method and the 3D FEM.
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	Parameter
	2D
	3D FEM





	Torsional Axial Stiffness, solid drill (kN)
	777
	876



	Torsional Axial Stiffness, single-channel drill (kN)
	653
	703



	Torsional-Axial Stiffness change, single-channel drill vs. solid drill
	−16%
	−19.8%



	Torsional Axial Stiffness, two-channel drill (kN)
	766
	861



	Torsional-Axial Stiffness change, two-channel drill vs. solid drill
	−1.4%
	−1.8%
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