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Abstract
In the present study, a novel grinding wheel design method is proposed to design a wheel for grinding different small helical 
grooves on the existing helical rake faces of the tool. The proposed method can be applied to manufacture tools with uneven 
helical rake face like zigzag-edge twist drills. In the proposed method, the processing of the non-wedge groove is initially 
converted into a superposition of processing steps of several wedge grooves. Then, based on the simplified non-thickness 
grinding wheel parametric design and envelop graphic design, the grinding wheel capable of processing small wedge grooves 
with various specified shapes can be obtained. Moreover, through establishing quantitative evaluation criteria, the determina-
tion of design parameters concerning the non-thickness grinding wheel is transmitted into an optimization problem. Finally, 
helical grooves with trapezoid truncation and wedge truncations are simulated on a virtual five-axis machine tool to verify 
the effectiveness of the grinding wheel design method.

Keywords  Grinding wheel · Optimization algorithm · Profile optimization · Helical groove

1  Introduction

During the cutting process of long-edge tools, chip-ejection 
interference often occurs, which causes the chip curling and 
increases the cutting force [1, 2]. Experiments show that 
the discontinuous design of the cutting edge is an effective 
way to reduce the influence of chip-ejection interference, 
thereby reducing the corresponding cutting force and cutting 
width [3]. A twist drill is a typical tool, which is affected 
by chip-ejection interference [4]. In this regard, Xiong 
proposed a zigzag edge twist drill [5]. Further investiga-
tions revealed that this innovative tool not only has a lower 

cutting force than standard drills but also does not require 
expensive regrinding equipment compared to group drills. 
Accordingly, this scheme has been widely accepted by small 
businesses.

Although various methods have been proposed for 
machining the helical body of the cutting tool [6–10], there 
is no appropriate method for processing millimeter-level 
depth helical grooves on the rake face. For example, micro-
texturing processing technology is a widely adopted scheme 
for the surface treatment of the tool rather than the forming 
process of the tool body [11–14]. Moreover, the grindability 
of the non-smooth helical flute needs further investigation 
[15]. Ehmann and DeVries [16] and Friedman et al. [17] 
proposed the conjunction line method and CAD method, 
respectively. However, further investigations revealed that 
these widely adopted methods for designing the forming 
grinding wheel could not get the desired structure. The con-
junction line method [18] relies on the rotating conjunction 
line between the grinding wheel and given helical surfaces 
around the wheel axis to obtain the wheel profile. Accord-
ingly, this method is not an appropriate choice for cases 
where the truncated line of the spiral body is not continu-
ous. Because the calculated conjunction line through the 
engagement principle is discontinuous [19] so that incom-
plete or overlapped wheel profile may be obtained. In this 
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regard, Fig. 1 illustrates a sample design for the grinding 
wheel obtained from the conjunction line method. On the 
other hand, the CAD method solves the positive problem 
between the grinding wheel and the helix [20–23]. Although 
the CAD method can be applied to solve some wheel designs 
in inverse problems with trial and error, there are too many 
related parameters and coupling effects, thereby increas-
ing the computational expenses. Moreover, uncertainties 
in the solution interval of parameters and insufficient refer-
ence for designing the grinding wheel adversely affect the 
performance of the CAD method. Based on the foregoing 
discussions, it is inferred that exploring a simple and effi-
cient method to design the grinding wheel is of significant 
importance to the dissemination of new cutters with small 
grooves on the helical rake face. Meanwhile, the required 
time and labor of the new design may reduce remarkably. 

2 � Design Method for the Grinding Wheel

Although there are different axial truncations of small grooves 
on the helical surface, their profiles can be often regarded as 
the superimposed combination of several wedge grooves. Typ-
ically, the helical surface is not applied for precision transmis-
sion. Therefore, a slight divergence between the ideal groove 
shape and the actual groove shape is acceptable. Consequently, 
if wedge grooves with different parameters could be ground by 
grinding wheels, several ideal groove shapes ranging from the 
triangle to the trapezoid may be produced. In order to avoid 
serious interference and over-cut, and verify that the process-
ing accuracy of arbitrary grooves, a novel method for design-
ing a grinding wheel is discussed in the next section.

2.1 � Modelling of the Blank and Simplified Grinding 
Wheel

The first step to design the grinding wheel is to estab-
lish the coordinate systems and mathematical models of 
the blank and the grinding wheel [24]. Figure 2 shows 
an arbitrary position and orientation correlation between 
the grinding wheel and the blank coordinate systems. 
Moreover, the simplified grinding wheel in the Cartesian 
and cylindrical coordinate systems is presented in Fig. 2b, 
where the Z-axis coincides with the axis of the blank. It 
should be indicated that O*X*Y*Z* is the translation trans-
formation of OXYZ and O* in OXYZ is O*(mx, my, mz). 
Moreover, O1X1Y1Z1 is the Cartesian coordinate system 
where the Z-axis coincides with the axis of the grinding 
wheel. O1X1Y1Z1 can overlap with O*X*Y*Z* by counter-
clockwise rotation of φ1 around X* and then counter-clock-
wise rotation of φ2 around Y*.

It is worth noting that the helical surface is obtained 
by the helical scanning of the generating line around the 
Z-axis. Moreover, the function of the line in the space can be 
expressed as:

 where t is a variable. The helical surface swept by the gen-
erating line can be expressed as:

(1)

⎧⎪⎨⎪⎩

X = f1(t)

Y = f2(t)

Z = f3(t)

,

Fig. 1    A sample non-acceptable profile of the grinding wheel obtained from the conjunction lines method
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 where T0 and θ denote the lead and variable whose range is 
related to the height of the helix, respectively.

In order to avoid considering many parameters simulta-
neously, the grinding wheel is simplified as a round piece 
without thickness and its diameter is equal to the maximum 
diameter of the grinding wheel. In that case, the grinding 
wheel is represented by a characteristic circle in Fig. 2b. 
Then, the characteristic circle is transformed into a blank 
Cartesian coordinate system by translation and rotation. The 
corresponding equation is expressed as the following:

(2)

⎧⎪⎪⎨⎪⎪⎩

X = f1(t) cos (�) − f2(t) sin (�)

Y = f1(t) sin (�) + f2(t) cos (�)

Z = f3(t) +
T0�

2�

,

(3)

⎡⎢⎢⎢⎢⎢⎣

x1

y1

z1

1

⎤
⎥⎥⎥⎥⎥⎦

= T1T2T3

⎡⎢⎢⎢⎢⎣

RC cos (�)

RC sin (�)

0

1

⎤⎥⎥⎥⎥⎦
,

 where (x1 y1 z1) and RC denote the coordinates of the points 
on the characteristic circle and the maximum radius of the 
grinding wheel, respectively. Moreover, ε is a variable from 
0 to 2π.

The transform operators T1, T2, T3 in Eq.  (3) can be 
expressed as:

The generating line is helically projected to the Z = 0 
plane by moving each point on it helically to obtain the rake 
face section line in the Z = 0 plane. Where the function in the 
OXYZ coordinate system can be expressed as:

(4)

T
1
=

⎡
⎢⎢⎢⎣

1 0 0 m
x

0 1 0 m
y

0 0 1 m
z

0 0 0 1

⎤
⎥⎥⎥⎦

T
2
=

⎡
⎢⎢⎢⎣

1 0 0 0

0 cos
�
�
1

�
− sin

�
�
1

�
0

0 sin
�
�
1

�
cos

�
�
1

�
0

0 0 0 1

⎤⎥⎥⎥⎦

T
3
=

⎡⎢⎢⎢⎣

cos
�
�
2

�
0 − sin

�
�
2

�
0

0 1 0 0

sin
�
�
2

�
0 cos

�
�
2

�
0

0 0 0 1

⎤⎥⎥⎥⎦
.

(5)
⎡⎢⎢⎢⎣

XG

YG

ZG

⎤⎥⎥⎥⎦
=

⎡⎢⎢⎢⎣

�
f1(t) cos (�) − f2(t) sin (�)

�
cos

�
�G

�
+
�
f1(t) sin (�) + f2(t) cos (�)

�
sin

�
�G

�
−
�
f1(t) cos (�) − f2(t) sin (�)

�
sin

�
�G

�
+
�
f1(t) sin (�) + f2(t) cos (�)

�
cos

�
�G

�
0

⎤⎥⎥⎥⎦
,

Fig. 2   Drill blank and the grinding wheel coordinate systems. a Drill 
blank in the Cartesian coordinate system (OXYZ), and cylindrical 
coordinate system (OρθCZ), and the grinding wheel in the Cartesian 

coordinate system (O1 × 1Y1Z1); b  translation transformation coordi-
nate system of OXYZ (O*X*Y*Z*)
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 where:

Similarly, the characteristic circle is projected to the Z = 0 
plane by moving each point on it helically and the projection 
line in OXYZ coordinate system can be expressed as:

 where:

According to the transformation correlation between the 
Cartesian coordinate system and the Cylindrical coordinate 
system, mx and my in Eqs. (7) and (8) can be replaced by ρ 
and θc as follows:

(6)�G = 2�
f3(t)

T0
+ �.

(7)
⎡
⎢⎢⎢⎣

XH

YH

ZH

⎤
⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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,

(8)�H = 2�
RC sin (�) + RC cos (�) sin

(
�2

)
cos

(
�1

)
+ mz

T0
.

(9)

{
mx = � sin

(
�c
)

my = � cos
(
�c
) .

Since the helical surface has a constant cross-sectional 
truncation perpendicular to the Z-axis, θc and mz can be 
unified into one parameter ω, which represents the rotation 
angle of the helical projection line around the Z-axis. In con-
clusion, there are five parameters (ρ, φ1, φ2, RC, ω), which 
can determine the shape and position of the projection line 
of the characteristic circle in Z = 0 plane.

2.2 � Evaluation Criteria for Parameters 
of the Simplified Grinding Wheel

Before selecting ρ, φ1, φ2, RC, ω that can determine the 
characteristic circle of the simplified wheels and its helical 
projection line, evaluation criteria to judge whether these 
parameters are appropriate should be established.

Figure 3 shows that P and rS are the points with the small-
est curvature radius on the projection line and the curvature 
radius of point P, respectively. Moreover, Rn and L denote 
the rotation trajectory of the wedge groove bottom apex 
and the distance between Rn and P, respectively. L1 and L2 
are two side lengths of the wedge groove corresponding to 
Rn. A1 and A2 are two points on the projection line and the 

Fig. 3   Parameters correlated to 
the evaluation criteria and the 
projection line of characteristic 
circle (RC = 8 mm, ρ = 10 mm, 
φ1 = 1.88 rad, φ2 = 0.47 rad)
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distance between them and P is L1. Similarly, B1 and B2 are 
two points on the projection line and the distance between 
them and P is L2. Moreover, A1 is the point where the dis-
tance between A1, A2 and original point O is farther and that 
B2 is the point where the distance between B1, B2 and O is 
closer. A1, B2, O and P are connected with rays to obtain the 
angles of Kr1 and Kr2. Moreover, O, two side apexes and the 
bottom apex of the groove with rays are connected to obtain 
the angles of Kr1

* and Kr2
*.

Figure 4 shows that if ρ, φ1, φ2 and RC are selected cor-
rectly, the projection line of the characteristic circle has an 
appropriate drop shape. After rotating the drop shape at an 
appropriate angle ω, its cusp fits into the desired material 
removal area.

In other words, when rS is too large, overcut at the bottom 
of the wedge groove is undeniable. Moreover, when Kr1

* > 
Kr1 or Kr2

* > Kr2, overcut occurs at the side of the wedge 
groove. Meanwhile, uncertainties in the wedge groove posi-
tion appear for too large L values. However, when rS and L 
are small enough, and Kr1

* < Kr1 and Kr2
* < Kr2, it can be 

said that parameters of the characteristic circle are properly 
selected. In order to avoid serious overcut caused by the 
final design of the grinding wheel structure and quantify the 
droplet shape, the following evaluation criteria for param-
eters selection with size level of small grooves are proposed:

 where ψ1 and ψ2 are constants whose value ranges from 0.05 
to 0.30 according to the acceptable accuracy.

(10)
r
S
< 𝜓

1
max

(
L
1
, L

2

)
, L < 𝜓

2
max

(
L
1
, L

2

)
,

Kr
1

∗ < Kr
1
, Kr

2

∗ < Kr
2
,

2.3 � Solving the Simplified Grinding Wheel 
Parameters with the Optimization Algorithm

According to the abovementioned section, ω is the rotation 
angle of the projection line and it is independent of the 
drop shape. Therefore, in order to simplify the problem, ω 
is ignored and only the remaining parameters, including ρ, 
φ1, φ2 and RC are considered. However, since the correla-
tion between these four parameters remains unknown, it is 
labor-intensive and time-consuming to select ρ, φ1, φ2 and 
RC by trial and error based on the graphic method. There-
fore, in order to save time and workforce, this problem is 
converted into an optimization problem with quantified 
function Pf incorporating ρ, φ1, φ2, RC, which is described 
as the following:

 where N0 is a constant that is high enough to ensure that the 
cusp of the projection line is in the first quadrant. Therefore, 
it allows that the wedge groove can fit into the tip of the pro-
jection line by the clockwise rotation. Moreover, RC is incor-
porated in Eq. (11) to increase the diameter of the grinding 
wheel as large as possible. It is worth noting that w1, w2, 
w3, w4 are four convergence correlated to Kr1, Kr1, rS and L, 
respectively. Moreover, the adjustment of parameters shows 
that the optimization function converges easily if the above-
mentioned four factors fulfill the following requirements:

(11)

Pf =

{
N0 (P is not the first quadrant)(
w1 + w2

)
w3w4RC (P is in the first quadrant)

,

Fig. 4   Drop-shaped projection 
line of the characteristic circle 
with suitable parameters (RC = 
8 mm, ρ = 10 mm, φ1 = 1.82 rad, 
φ2 = 0.96 rad)
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	 (i)	 w1, w2, w3 and w4 are positive.
	 (ii)	 w1 and w2 monotonically decrease with Kr1and Kr2, 

while w3 and w4 monotonically increase with rS and 
L.

	 (iii)	 When Kr1, Kr2, rS and L are within a reasonable inter-
val, the functions converge slowly. Once Kr1, Kr2, rS 
and L exceed the reasonable interval, the function 
values will obtain a step-wise raise and the conver-
gence rate will rise significantly.

However, piecewise functions w1(Kr1), w2(Kr2), w3(rS) 
and w4(L) that are capable of meeting the abovementioned 
requirements are listed as the following:

 where, M1 ~ M9, P1 ~ P4 and N1 ~ N5 are constants whose val-
ues are correlated to specific issues. Moreover, by selecting 
them according to different situations, potential functions for 
optimization can be constructed.

Then, since the problem is converted into a minimum 
optimization problem, the genetic algorithm [25–30], which 

(12)w1 =

{
Kr1

∗ − Kr1 +M1 Kr1
∗
≥ Kr1

N1

(
Kr1

∗ − Kr1
)
+M2 Kr1

∗ < Kr1
,

(13)w2 =

{
Kr2

∗ − Kr2 +M3 Kr2
∗
≥ Kr2

N2

(
Kr2

∗ − Kr2
)
+M4 Kr2

∗ < Kr2
,

(14)w3 =

⎧⎪⎨⎪⎩

M5 rS ≤ P1

N3rS +M6 P1 < rS ≤ P2

N4rS +M7 rS > P3

,

(15)w4 =

{
L +M8 L ≤ P4

N5L +M9 L > P4

,

is a general and effective method for optimization, can be 
employed to solve the problem. After determination of ρ, 
φ1, φ2 and RC, the graphic method is utilized to verify the 
rationality of the parameters and to solve the appropriate 
ω. According to the abovementioned ideas, an optimization 
program is written to solve ρ, φ1, φ2 and RC.

2.4 � Design of the Actual Grinding Wheel Based 
on the Simplified Grinding Wheel

Since the grinding wheel has a certain thickness as the sim-
plified grinding wheel, it is necessary to consider the influ-
ence of the radial profile of the grinding wheel after deter-
mining the five parameters of the simplified grinding wheel. 
Figure 5a shows that in the wheel, not only the part with the 
maximum radius is involved in the grinding, but also other 
nearby parts are involved in the grinding process. Therefore, 
the parameters of the axial truncation of the grinding wheel 
also affect the grinding process.

The non-V-shaped grinding wheel design [31] will 
significantly increase the difficulty of the design process. 
Therefore, in this study, only the V shape grinding wheel 
with 5 profile parameters, including λ1, λ2, RS, H1, H2 is 
designed and the influence of RS is ignored. Therefore, set 
RS = 0. Moreover, during the grinding of small grooves, not 
all working faces of the grinding wheel are involved in the 
cutting process. Therefore, as long as H1 and H2 are large 
enough (H1 > 1.5L1, H2 > 1.5L1), the actual grinding effect of 
the grinding wheel is not affected by H1 and H2. It should be 
indicated that the appropriate values of λ1 and λ2 are selected 
by the envelope method. Figure 5b shows that the grinding 
wheel with thickness is separated into several pieces and 
these pieces can be represented by several characteristic 
circles whose equations in the blank coordinate system is 
mathematically expressed as:

Fig. 5   Radial profile of the 
grinding wheel. a Continuous 
representation; b discretized 
representation
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 where i is the number of the grinding wheel pieces.

(16)

⎡⎢⎢⎢⎢⎣

Xi

Yi

Zi

1

⎤⎥⎥⎥⎥⎦
= T1T2T3

⎡⎢⎢⎢⎢⎣

�
RC + H cot

�
𝜆1
��

cos (𝜀)�
RC + H cot

�
𝜆1
��

sin (𝜀)

H

1

⎤⎥⎥⎥⎥⎦

�
−H1 ≤ H < 0

�
,

(17)

⎡⎢⎢⎢⎢⎣

Xi

Yi

Zi

1

⎤⎥⎥⎥⎥⎦
= T1T2T3

⎡⎢⎢⎢⎢⎣

�
RC − H cot

�
�2
��

cos (�)�
RC − H cot

�
�2
��

sin (�)

H

1

⎤⎥⎥⎥⎥⎦

�
0 ≤ H ≤ H2

�
,

All of the characteristic circles are helically projected to 
the Z = 0 plane. Moreover, Fig. 6 shows the obtained projec-
tion line bundles. It is observed that the blank entity within 
the envelope of the red line bundle is removed. Then, λ1 
and λ2 are gradually increased to identify appropriate values 
according to envelopes obtained by the graphic method.

3 � Practice Examples

As mentioned above, the flow of the grinding wheel design 
is categorized into four steps as the following:

Fig. 6   Envelope of projection 
line bundles of grinding wheel 
discretized characteristic circles 
(RC = 12.28 mm, ρ = 15.78 mm, 
φ1 = 4.63 rad, φ2 = 0.72 rad, 
ω = 0.50 rad, λ1 = 0.41 rad, 
λ2 = 1.23 rad)

Fig. 7   Multiple grinding wheel 
design of the helical groove 
with trapezoidal truncation
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	 (i)	 Extract several points on the truncation to construct 
several wedge grooves and determine H1, H2 based on 
the precision requirement and the size of the wedge.

	 (ii)	 Import coordinates of three vertices of the wedge 
and T0 into the optimization program to calculate the 
simplified grinding wheel parameters ρ, φ1, φ2, RC.

	 (iii)	 Determine profile parameters λ1, λ2 of the grinding 
wheel and rotation angle ω by the graphic method.

	 (iv)	 Superimpose the processing effect of multiple wedge 
grooves to check whether the final groove shape 
meets the requirements.

Figure 7 shows that the trapezoidal groove (groove 1) 
is taken as an example. According to the shape and size 
of the groove, set H1 = H2 = 2 mm. Then, the trapezoi-
dal groove is separated into three wedge grooves with 

different bottom points, which is presented as the thin line 
in Fig. 7b. Number these points and 1, 5 are the common 
points of three triangular grooves, while points 2, 3, 4 are 
the bottom points. It should be indicated that Table 1 lists 
the initial XY coordinates in OXYZ. Then, to determine 
appropriate values of ρ, φ1, φ2, RC, the coordinates of 
points 1, 4, 5 are applied into the optimization program 
mentioned in Sect. 2.3. It is worth noting that M1–M9, 
P1–P4 and N1–N5 for this specific fitness function can be 
obtained by debugging parameters and are listed as the 
following:

(18)

Pf =

{
107 (P is not the first quadrant)(
w1 + w2

)
w3w4RC (P is in the first quadrant)

,

Table 1   Parameters of the grinding wheel with trapezoid groove type

Groove number Point number Initial coordinates
X(mm), y(mm)

Rn 
(mm)

L1 
(mm)

L2 
(mm)

Kr1–Kr1
*

(rad)
Kr2–Kr2

*

(rad)
rS 
(mm)

L 
(mm)

Groove 1 1 2.396, 3.687
2 2.029, 4.248 4.71 1.161 0.773 0.1955 0.6944 0.029 0.001
3 2.143, 4.464 4.95 0.954 0.954 0.5773 0.4677 0.026 0.002
4 2.262, 4.679 5.20 0.773 1.161 0.5827 0.0752 0.091 0.001
5 3.085, 4.937

Table 2   Grinding wheel parameter designed for grinding different grooves

Point number Initial coordinates
X(mm), y(mm)

T0 
(mm)

RC 
(mm)

Ρ 
(mm)

φ1 
(rad)

φ2 
(rad)

ω 
(rad)

λ1 
(rad)

λ2 
(rad)

Groove 1 1 2.396, 3.687
2 2.029, 4.248 136 11.576 14.514 1.503 0.286 0.095π 0.15π 0.33π
3 2.143, 4.464 136 8.417 9.942 1.611 0.511 0.06π 0.27π 0.27π
4 2.262, 4.679 136 6.159 8.734 4.796 5.680 0.13π 0.40π 0.20π
5 3.085, 4.937

Groove 2 1 2.740, 9.617
2 0.298, 8.134 136 8.387 12.868 4.574 5.599 0.25π 0.13π 0.11π
3 0.699, 7.833 136 6.796 12.050 4.423 2.452 0.23π 0.16π 0.07π
4 0.858, 7.587 136 7.476 14.459 1.169 3.461 0.35π 0.04π 0.04π
5 1.762, 7.804

Groove 3 1 1.351, 6.868
2 0.501, 5.999 136 6.000 8.666 1.480 3.923 0.22π 0.44π 0.27π
3 0.169, 5.281 136 11.864 16.211 1.304 3.377 0.31π 0.45π 0.05π
4 0.691, 4.952

Groove 4 1 1.828, 6.757
2 0.860, 5.959 100 6.292 8.791 4.595 5.504 0.18π 0.03π 0.25π
3 0.449, 5.526 100 6.115 8.000 4.596 5.492 0.175π 0.23π 0.23π
4 0.446, 5.265 100 6.113 10.454 4.365 5.881 0.315π 0.08π 0.44π
5 0.938, 4.911



1005International Journal of Precision Engineering and Manufacturing-Green Technology (2022) 9:997–1008	

1 3

 where:

(19)w1 =

{
Kr1

∗ − Kr1 +
𝜋

2
Kr1

∗
≥ Kr1

10
(
Kr1

∗ − Kr1
)
+ 10𝜋 Kr1

∗ < Kr1

,

(20)w2 =

{
Kr2

∗ − Kr2 +
𝜋

2
Kr2

∗
≥ Kr2

10
(
Kr2

∗ − Kr2
)
+ 10𝜋 Kr2

∗ < Kr2

,

(21)w3 =

⎧
⎪⎨⎪⎩

10 rS ≤ 0.1

100rS 0.1 < rS ≤ 0.3

20rS + 44 rS > 0.3

,

It should be indicated that the solution intervals of ρ, RC, 
φ1, φ2, are [6–18], [8–20], [0–2π]and [0–2π], respectively. 
Moreover, Table 1 presents the evaluation parameters related 
to the projection line of the characteristic circle. Table 2 
illustrates the results of the optimization of the grinding 
wheel. It is observed that the optimized ρ, φ1, φ2, RC can 
meet the evaluation criteria as in Eq. (10) (set ψ1 = ψ2 = 0.1 
in this case). Then, through rotating the rake face section 
line to match the characteristic circle and increasing λ1, λ2 
gradually to fit the envelope boundary with the trapezoidal 
groove, appropriate ω, λ1, λ2 can be determined. It is worth 
noting that all parameters correlated to the grinding wheel 

(22)w4 =

{
L + 0.2 L ≤ 0.2

20L + 10 L > 0.2
.

Fig. 8   Multiple grinding wheel design of the helical groove with several truncations

Fig. 9   Grinding single-wedge 
groove on the twist drill by 
5-axis machine tool
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for machining wedge 1–2–5 in Fig. 7 are obtained and the 
other two grinding wheels for grinding wedge 1–3–5 and 
wedge 1–4–5 are designed similarly. Finally, three grinding 
effects are superimposed to check whether the final trunca-
tion can meet the requirement of the machining accuracy. 
Figure 7b shows that the actual ground area is very similar 
to the desired profile, which verifies the effectiveness of this 
method. Moreover, to verify the versatility of the method, 
a series of grinding wheels for machining grooves with dif-
ferent shapes, positions, and leads are designed according 
to the aforementioned flow. Figure 8 exhibits the truncation 
of these grooves and grinding wheel parameters are shown 
in Table 2.

Finally, in the present study, the effect of machining 
small helical grooves on a five-axis virtual machine tool 
with the designed grinding wheel is observed. Figure 9 
illustrates the virtual five-axis machine tool used for the 
simulation. Moreover, Fig. 10 shows two types of grooves 
processing effects. It is observed that the helical groove 
obtained by the simulation processing has a reasonable 
similarity with the expected helical groove. The simulation 
results not only verify the validity and correctness of the 
grinding wheel design method proposed in this study but 
also prove the feasibility of producing a prototype of the 
zigzag edge twist drills by the grinding process.

It is worth noting that the calculation of the initial 
installation position and angle adjustment of the machine 

tool refers to the literature and methods proposed by other 
scholars [32, 33]. Therefore, due to space limitations and 
the scope of discussion, the calculations are not repeated 
in this study.

4 � Conclusions

The following conclusions are drawn from the present study: 

1.	 A small spiral groove with a specified shape can be 
machined on the spiral rake face of the tool by a grinding 
wheel. Moreover, it is observed that this method facili-
tates the manufacture and industrialization of tools with 
small grooves on the helical surface. Therefore, it can 
solve the technical problems in the process of a special 
helical surface.

2.	 A small spiral groove with a wedge-shaped section can 
be processed by one grinding wheel at a time. However, 
a small spiral groove with a non-wedge-shaped sec-
tion requires multiple processes with multiple grinding 
wheels.

3.	 The key parameters of the grinding wheel for grind-
ing the wedge groove are automatically designed by 
combining optimization algorithms, which provides a 
direction for reducing the difficulty and the cost of the 
grinding wheel design.

Fig. 10   Grinding simulation results. a Trapezoid groove processing; b zigzag edge twist drill with wedge grooves processing
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