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Abstract
Structured grinding wheel has obvious advantages in reducing grinding force, and the structural
parameters of grinding wheel have important in�uence on the reduction effect of grinding force. In order
to determine the in�uence law of structural parameters on grinding force, the following theoretical
modeling and experimental research work are carried out in this paper. Firstly, single grit scratching
experiments of the workpiece material are carried out to determine the critical cutting depth for ploughing
and cutting transition. The in�uences of structural parameters on the maximum undeformed chip
thickness and the average contact arc length during grinding are analyzed in detail. The abrasive grains
are simpli�ed into a cone with a cone apex angle of 120 degrees, the surface topography model of the
structured grinding wheel is established according to the measured results of the distribution law of
abrasive grains on the surface of the grinding wheel and the structural characteristic parameters.
Combined with the grinding force model of single abrasive grain in ploughing and cutting stages, the
calculation model of grinding force in the grinding process of straight groove structured grinding wheel is
established. Finally, grinding experiments are carried out to verify the accuracy of the theoretical grinding
force model. The results show that the calculated values of grinding force are in good agreement with the
experimental values, and the maximum calculation errors of tangential grinding force and normal
grinding force are 14.5% and 11.8%, respectively. It is found that when the intermittent ratio of structured
grinding wheel is constant, the groove width has little in�uence on grinding force. However, when the
groove width is constant, the intermittent ratio has a great in�uence on the grinding force, and with the
increase of the intermittent ratio, the grinding force decreases obviously.

1. Introduction
Grinding is a general method to achieve precision machining. Grinding force which has a great in�uence
on the durability of grinding wheels, speci�c grinding energy, surface quality of workpiece, deformation of
process system, etc is an important parameter to characterize the grinding process and results[1].
Therefore, the establishment of grinding force prediction model is of great signi�cance for optimizing
grinding process parameters, improving processing e�ciency and quality. Scholars at home and abroad
had carried out a lot of research on grinding force modeling. Malkin et al. [2] classi�ed grinding force into
scratching force and cutting force, and established a grinding force calculation model under the premise
that the scratching force is proportional to abrasive wear area. Based on the assumption that the
undeformed chip thickness follows Rayleigh distribution, Hecker et al.[3, 4] developed a grinding force
prediction model by combining the Brinell hardness test method. Tang et al.[5] proposed a method to
calculate scratch force and chip forming force by analyzing the relationship between speci�c chip
forming energy and chip forming force, and considering the in�uence of processing parameters on the
friction coe�cient.

The above grinding force modeling methods simply classify the grinding force into scratch force and chip
forming force, which can not clearly explain the formation of grinding force from the micro level.
Generally, abrasive grains go through three stages from cut-in to cut-out[6]. The grinding force can be
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considered as the sum of the grinding forces of abrasive grains in different stages in the grinding area.
Many researchers had proposed more accurate grinding force prediction model based on the abrasive
scratch mechanism. Patnaik et al.[7] proposed to use grinding process parameters to calculate the total
normal force and tangential force per unit width in three stages of rubbing, ploughing and cutting, and
determined the undetermined coe�cient in the expression through experiments. The results shown that
the predicted value obtained by this method is in good agreement with the experimental value. Hou et al.
[8] found that the critical depth of ploughing-cutting transition is related to the abrasive grain size through
experimental analysis, which can be approximately expressed as 0.025 times of the abrasive grain size.
Jiang and Wang [9–11] further determined the critical depth for rubbing and ploughing transition based
on Hertz contact theory. Since the critical depth for rubbing and ploughing transition is very small, a
calculation model for grinding force considering only two stages of ploughing and cutting is proposed. Li
et al.[12] proposed a new methodology to predict grinding forces with detailed information such as three
components including rubbing, ploughing and cutting forces, in which (i) a new strategy to determine
each grain-workpiece interaction at each grinding moment and (ii) a novel derivation of grinding
kinematics considering different grain protrusions have been suggested. The above methods to
determine the critical cutting depth are derived after simplifying the shape of abrasive grains, however,
the critical cutting depth is a quantity related to material properties, and the results obtained by
theoretical derivation are not universal. By introducing the plastic accumulation theory and cutting
e�ciency into the single grit scratch experiment, Zhang et al.[13]determined the critical cutting depth for
ploughing and cutting transition, and optimized the grinding force modeling algorithm on the basis of Li’s
research results .

At present, the research on grinding force modeling is mainly based on ordinary continuous grinding
wheels, while structured grinding wheel has signi�cant advantages in reducing grinding force. Walter et
al.[14] used ultra-short pulse laser to process different grooves on the surface of CBN grinding wheel, and
obtained a series of structured grinding wheels with 63% structural factor. Under the experimental
conditions of wheel linear speed 60m/s, feed speed 1000 ~ 3000mm/min and grinding depth 0.06 ~ 
0.18mm, the grinding experiments were carried out on GCr15 steel. The results showed that the structured
grinding wheel can reduce the grinding force by 25%~54%. Mohamed et al.[15]used a single point
diamond tool to cut the surface of alumina grinding wheel and obtained spiral groove structured grinding
wheels with different structural factors. The creep feed grinding experiments were carried out under the
condition of grinding depth of 1 ~ 4mm. It was found that the structured grinding wheel can signi�cantly
reduce the grinding force in the creep feed grinding process, and the smaller the structural factor, the
more obvious the reduction of grinding force. The above researches on the grinding force of structured
grinding wheel are mainly based on experiments, however, the research related to the modeling of
grinding force of structured grinding wheel is rarely reported.

Based on the grinding theory and combined with the existing theoretical model of single abrasive
grinding force, in this paper, a theoretical model of grinding force for structured grinding wheel is
established by analyzing the in�uence of the structural parameters of the grinding wheel on the
maximum undeformed chip thickness and the average contact arc length in the grinding process.
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Grinding experiments are carried out to verify the correctness of the model. The in�uence of structural
parameters of the grinding wheel on grinding force is studied. The research work of this paper has
important theoretical signi�cance and engineering value for the optimization design of structural
parameters of grinding wheel and the optimization of grinding process parameters.

2. Determination Of Critical Depth For Ploughing-cutting Transition

2.1 Relationship between critical cutting depth and pile-up
ratio
Pile-up ratio which refers to the ratio of the total area of material bulged on both sides of the scratch to
the scratch area in the scratch section is an important parameter to characterize the material removal rate
of the workpiece in the process of single grit scratching[16, 17]. As shown in Fig. 1, the bulged areas on
both sides of the scratch are S1 and S2, and the scratch area is S3, then the pile-up ratio R can be
expressed as:

R =
S1 + S2

S3

1

By analyzing the whole process of single grit from cut-in to cut-out, it can be seen that material removal
mainly occurs in the cutting stage, so the pile-up ratio in the ploughing stage can be considered as a
constant value of 1. The critical cutting depth for ploughing-cutting transition can be determined by
conducting single grit scratching experiment and analyzing the relationship between the pile-up ratio and
the scratching depth[20].

2.2 Single grit scratching experiment
In order to determine the critical cutting depth (agc) for ploughing-cutting transition, the intermittent
scratching experiments of single grit were carried out. As shown in Fig. 2, the CBN abrasive grain was
bonded to the grinding wheel substrate, and the surface of polished 20CrMnTiH low carbon steel
workpiece was scratched on a three-axis vertical machining center. The physical property parameters of
20CrMnTiH and CBN are shown in Table 1, and the scratching experiment parameters are shown in
Table 2. Choose three abrasive grains randomly to experiment according to the above process. After the
experiment, Taylor Hobson roughness pro�ler was used to measure the cut-in section of the scratch, and
the measured scratch section data (as shown in Fig. 2) was imported into the Matlab software to �t the
relationship between the pile-up ratio and the scratch depth. The �tting results are shown in Fig. 3.
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Table 1
Properties of workpiece and abrasive

  Elastic modulus (Gpa) Density

(kg/m3)

Poisson's ratio Yield strength

(Mpa)

20CrMnTiH 200 7835 0.3 835

CBN 909 3480 0.12 /

Table 2
Single grit scratching experimental conditions

Experimental machine tool KVC 800/1 Three axis CNC machining center

Workpiece material 20CrMnTiH (50mm×30mm×20mm)

Abrasive grains CBN(diameter 375µm)

Grinding depth ap 20µm

Spindle speed ns 477r/min

Workpiece feed speed vw 3000mm/min

When the pile-up ratio is equal to 1, the critical cutting depth of ploughing-cutting transition under the
three groups of experiments are 0.3322µm, 0.3059µm and 0.3029µm respectively. Taking the average
value, the critical cutting depth for ploughing-cutting transition is 0.313µm.

3. Modeling Of Grinding Wheel Topography
The grinding wheel is formed by a large number of irregularly shaped abrasive grains randomly arranged
on the surface of the grinding wheel. In order to simplify the modeling process, some scholars proposed
that the shape of abrasive grains can be simpli�ed into spheres, cones or tetrahedrons etc.[19–21].
Considering that the abrasive grains generally have a large negative rake angle, this paper assumes that
the abrasive grains are all cones with an apex angle of 120 degrees. Ten positions were randomly
selected on the surface of the grinding wheel, and the microscopic morphology of the surface of the
grinding wheel was detected by a microscope to determine the abrasive grains distribution and grain size
distribution on the surface of the grinding wheel. The detect results are shown in Fig. 4. The abrasive
grain spacing approximately obeys a normal distribution with the mean value of 195µm and the variance
of 4.13µm. The abrasive grain diameter follows a normal distribution with the mean value of 191µm and
the variance of 10.5µm.

In order to simulate the surface of the grinding wheel that is close to the actual grinding wheel, assuming
that the abrasive grains are evenly distributed on the grinding wheel surface at �rst, and then the abrasive
grains are randomly vibrated in space to achieve the effect of random distribution. The speci�c process
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of establishing the geometric model of the straight groove structured grinding wheel is shown in Fig. 5
(a). Firstly, determine the total number of abrasive grains that can be arranged along the circumferential
and thickness directions according to the circumference (πD) and thickness (b) of the grinding wheel and
the average spacing between adjacent abrasive grains. Then determine the area with abrasive grain and
the area without abrasive grain in combination with the groove width (lg) and the intermittent ratio (lg/lw)
of the grinding wheel. Finally, the abrasive grains in the abrasive area are vibrated randomly along the
radial direction, circumferential direction and thickness direction of the grinding wheel to generate the
�nal geometric model of the straight groove structured grinding wheel, as shown in Fig. 5 (b).

4. Modeling Of Grinding Force Of Single Abrasive Grain

4.1 Modeling of ploughing force of single grit scratching
When the depth of abrasive grains cutting into the workpiece is less than the critical cutting depth of
ploughing-cutting transition, the workpiece material will not be removed, and the stress state of the
abrasive grain at this moment is shown in Fig. 6. According to the knowledge of material mechanics, the
ploughing force perpendicular to the contact surface is proportional to the product of the yield strength of
the workpiece material and the contact area[22], and the ploughing force acting on the micro-element
area (ds) can be expressed as:

dFp = σs ⋅ ds =
1
2 ⋅ σs ⋅ ag

2 ⋅
tanθ
cosθ ⋅ dα

2
Where σs is the yield strength of the workpiece material, ag is the undeformed chip thickness, θ is the half-
apex angle of abrasive grain, and α is the angle between the micro-element section and the moving
direction of abrasive grain, then the tangential ploughing force and the normal ploughing force can be
expressed as:

dFpt = K1 ⋅ dFp ⋅ cosθ ⋅ cosα

3

dFpn = K2 ⋅ dFp ⋅ sinθ

4

By integrating Equations (3) and (4) along the contact surface in α∈[ −
π
2 ,

π
2 ], the tangential ploughing

force and normal ploughing force of single abrasive grain can be obtained as shown in equations (5) and
(6), respectively:

Fpt = K1 ⋅ σs ⋅ ag
2 ⋅ tanθ
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5

Fpn =
1
2 ⋅ K2 ⋅ σs ⋅ ag

2 ⋅ (tanθ)2 ⋅ π

6
In the formulas, K1 and K2 are the undetermined coe�cients introduced by considering the in�uence of
grinding process parameters and abrasive grain shape difference, which can be determined by
experiments.

4.2 Modeling of cutting force of single grit scratching
When the cutting depth of abrasive grain is greater than the critical cutting depth of ploughing-cutting
transition, the workpiece material begins to be removed, and the stress state of abrasive grain at this
moment is shown in Fig. 7(a). Fy and Fyn are the tangential and normal forces on the chip surface, Fch

and Fchn are the tangential and normal forces in the shear plane, and the resultant force of the above two
pairs of forces is a pair of equilibrium forces. According to the two-dimensional metal cutting theory,
where Fch can be expressed as [11]:

Fch =
τ ⋅ ag

2 ⋅ tanγ0
2sinφ dψ

7
Whereτis the shear stress, τ=τsεn,τsis the shear yield strength, ε is the shear strain, 

ε=
cos γ0

sin φ ⋅ cos φ−γ0

, n is the strain hardening exponent, n = 0.06[23], γ0 is the abrasive rake angle, 

γ0 = − θ, θ is the half vertex angle of abrasive grain, φ is the shear angle, φ=
π
4 −

β
2 +

γ0

2 [24], β is the

friction angle, β =
2cot θ

π [22], ψ is the angle between A-A section and the abrasive moving direction. From

the Fig. 7, it can be seen that the resultant force F can be expressed as:

F =
Fch

cos φ + β − γ0

=
τ ⋅ ag

2 ⋅ tanγ0

2sinφ ⋅ cos φ + β − γ0

dψ

8
The tangential cutting force and normal cutting force of the micro-element can be obtained by
decomposing F along the tangential direction and normal direction respectively:

Fct = F ⋅ cos(β − θ) ⋅ cosψ ⋅ dψ

9

Fcn = F ⋅ sin(β − θ) ⋅ dψ

( )

( ) ( )
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10
The tangential cutting force and normal cutting force generated by a single abrasive grain can be

obtained by integrating Eq. (9) and Eq. (10) in ψ∈ −
π
2 ,

π
2 respectively. Considering the in�uence of

grinding parameters on the grinding force, coe�cients K3 and K4 are introduced to modify the cutting
force of single abrasive grain, and the �nal tangential cutting force and normal cutting force generated by
a single abrasive grain can be expressed as:

Fcut,t = K3 ⋅
τ ⋅ ag

2 ⋅ tanθ ⋅ cos(β − θ)
sinφ ⋅ cos(φ + β − θ)

11

Fcut,n = K4 ⋅
τ ⋅ ag

2 ⋅ tanθ ⋅ sin(β − θ)
2 ⋅ sinφ ⋅ cos(φ + β − θ) ⋅ π

12

5. Grinding Force Modeling Of Straight Groove Structured Grinding
Wheel

5.1 Contact arc length and maximum undeformed chip
thickness during grinding with structured grinding wheels

5.1.1 Analysis of contact arc length
Due to the in�uence of the groove of grinding wheel, the actual contact arc length between grinding wheel
and workpiece always changes periodically. As shown in Fig. 8, the structured grinding wheel with the
groove width of lg, the continuous arc length of lw, the diameter of D and the thickness of b is analyzed.
Under the conditions that the grinding depth is ap, the linear speed of the grinding wheel is vs, and the
workpiece feed speed is vw, according to the relationship between the length of one intermittent cycle of
grinding wheel (lw+lg) and the theoretical contact arc length (lc), the following �ve cases are discussed
respectively.

case1

l w+lg>lc and lg< lc, lw<lc

case2

l w+lg>lc and lg< lc, lw>lc

[ ]
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case3

l w+lg>lc and lg> lc, lw<lc

case4

l w+lg>lc and lg> lc, lw>lc

case5

l w+lg<lc

Figure 9 shows the relationship between the actual contact arc length and time in one cycle under the �rst

four cases. In order to simplify the analysis, the average contact arc length(
¯
lc) is used to instead of the

actual contact arc length, that is, it is considered that the contact arc length is constant value during the
grinding process of structured grinding wheel. The relationship between the average contact arc length
and the actual contact arc length in the four cases can be expressed as follows:

−
l

c
⋅

lw +lg
vs

= (lc − lg) ⋅
lw +lg

vs
+

lc
vs

−
lc −lg

vs
⋅ lw − lc + lg  (case1) (13)

−
l

c
⋅

lw +lg
vs

= (lc − lg) ⋅
lw +lg

vs
+

lw
vs

−
lc −lg

vs
⋅ lg (case2) (14)

−
l

c
⋅

lw +lg
vs

=
lc
vs

⋅ lw (case3) (15)

−
l

c
⋅

lw +lg
vs

=
lw
vs

⋅ lc (case4) (16)

By solving the above four equations respectively, the average contact arc length can be expressed
uniformly as:

−
l
c

⋅ =
lw ⋅ lc
lw + lg

17

When lw + lg < lc, the continuous segment of grinding wheel is always in contact with the workpiece, and
the actual contact arc length hardly changes with time. It can be considered that the average contact arc

( ) ( )

( )
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length is equal to the actual contact arc length, and the average contact arc length can also be expressed
by Eq. (17).

5.1.2 Analysis of maximum undeformed chip chickness
Due to the discontinuity of the structured grinding wheel, the maximum undeformed chip thickness of a
single abrasive grain during grinding will be affected by the groove width and the intermittent ratio. On
the premise that the chip shape is a cuboid, for ordinary continuous grinding wheel, the chip volume
generated by each abrasive grain can be expressed as [2]:

Vc =
agmax

2 ⋅
ragmax

2 ⋅ lc

18

lc = apD

19

Where Vc is the chip volume, agmax is the maximum undeformed chip thickness, r is the chip width-

thickness ratio, r = tanθ [25, 26]. For structured grinding wheel, the average contact arc length (
−
l

c
) is used

instead of the theoretical contact arc length (lc). It can be known that the chip volume produced by each
abrasive grain on the surface of the structured grinding wheel can be expressed as:

V '
c =

agmax
2 ⋅

ragmax
2 ⋅

−
l
c

20

Figure 10 is the schematic of material volume removed by structured grinding wheel per unit time under
given grinding parameters. Assuming that there is no material residue on the gound surface, the volume
of material removed from the workpiece per unit time should be equal to the sum of volumes of chips
removed by all abrasive grains per unit time, which is:

Cbvs ⋅ V
′

c = apvwb

21

Where Cbvs is the number of abrasive grains acting on the wheel width b of the grinding wheel per unit
time, C is the number of dynamic effective abrasive grains per unit area of the wheel, apvwb is the volume
of workpiece material removed per unit time. Through Equations (19), (20) and (21), the maximum
undeformed chip thickness agmax can be obtained as:

√
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agmax =
4
rC ⋅

vw
vs

⋅
ap
D ⋅

lw + lg
lw

 

22

For any abrasive grain i, its undeformed chip thickness agi can be expressed as:

agi = agmax − hmax − hi

23

Where hmax is the maximum protruding height of abrasive grains, hi is the protruding height of abrasive
grain i.

5.2 Grinding force model of straight groove structured
grinding wheel
Grinding force is the superposition of grinding forces on all abrasive grains in contact with workpiece in
the grinding area. The calculation �ow of grinding force of structured grinding wheel can be carried out
as shown in Fig. 11.

Start at the time t = 0, judging whether the i-th abrasive grain on the surface of the grinding wheel is in the
grinding area. If the conditions are satis�ed, the undeformed chip thickness of the current abrasive paricle
is calculated by combining the protruding height of the current abrasive grain and the maximum
undeformed chip thickness obtained from the grinding parameters and grinding wheel parameters.
Comparing the relationship between the undeformed chip thickness of the i-th abrasive grain(agi) and the
critical cutting depth for ploughing-cutting transition(agc), then selecting the corresponding grinding force
calculation model of single abrasive grain to calculate the grinding force generated by the i-th abrasive
grain. The grinding force of the structured grinding wheel at present time is obtained by summing the
grinding force generated by all abrasive grains in grinding area, and then the next moment is analyzed.
The grinding force of the structured grinding wheel can be expressed by the following Equations:

Ft = K1 ⋅
Np

∑
1

Fpt agi + K3 ⋅
Nc

∑
1

Fcut,t agi

24

Fn = K2 ⋅
Np

∑
1

Fpn agi + K4 ⋅
Nc

∑
1

Fcut,n agi

25

√ √

( )

( ) ( )

( ) ( )
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6. Experimental
In order to verify the correctness of the above grinding force model and study the in�uence of structural
parameters on grinding force, a series of grinding experiments were carried out on KVC 800/1 three-axis
NC machining center. The experimental set up is shown in Fig. 12. The type of grinding wheel is 80#

electroplated CBN wheel, the workpiece material is 20CrMnTiH. In the process of grinding, high-pressure
cold air is utilized to cool the grinding area and a kistle 9257B dynamometer is employed to measure the
grinding force. Due to the limitation of grinding wheel preparation technology, this paper mainly carries
out experiments on straight groove grinding wheels with groove widths of 2mm, 4mm and 6mm
respectively. Considering that the grinding wheel wear will deteriorate sharply when the intermittent ratio
is too large, and the grinding force reduction effect is not obvious when the intermittent ratio is too small,
the parameters of the grinding wheel, workpiece parameters and grinding parameters are �nally
determined as shown in Table 3. In order to reduce the error, each group of experiments was repeated
three times, and the average grinding force of the three groups of experiments was taken as the �nal
grinding force result.

Table 3
Grinding experimental condition

Type Parameter Value

Grinding wheel
parameters

grain mesh 80

Grinding wheel diameter(mm) 100

Grain average diameter(mm) 0.195

The number of dynamic effective
abrasive Grains per unit area

10

Structural
parameters

Groove width(mm)and Intermittent ratio 0(ordinary continuous grinding
wheel)2(1:15,1:7,1:3.5)

4(1:5.5,1:3.4,1:1.2)

6(1:4.2,1:3.4,1:2)

Groove depth (mm) 2

Workpiece
parameters

Workpiece size (mm) 20×30×50

Grinding
parameters

Grinding wheel speed (m/s) 20

Feed speed (mm/s) 10

Grinding depth(µm) 50
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7 Result And Discussion

7.1 In�uence of structural parameters on maximum
undeformed chip thickness and average contact arc length
The structural parameters of the grinding wheel in this paper mainly refer to groove width(lg) and
intermittent ratio (lg/lw). The intermittent ratio is the ratio of the groove width to the arc length of the
continuous segment of the grinding wheel, which mainly depends on the groove width and the number of
grooves. Increasing the number of grooves under the same groove width or increasing the groove width
under the same number of grooves can increase the intermittent ratio. The groove width and the
intermittent ratio are the main factors that affect the maximum undeformed chip thickness and the
average contact arc length. Since the grinding parameters remain unchanged, under the experimental
conditions in this paper, the maximum undeformed chip thickness and contact arc length of ordinary
continuous grinding wheel are 1.6µm and 2.23mm respectively. The effect of different structural
parameters on the maximum undeformed chip thickness and average contact arc length is shown in Fig.
13. As can be seen from Fig. 13(a), when the groove width is the same, the maximum undeformed chip
thickness is always greater when grinding with grooved grinding wheels than with continuous grinding
wheel. The maximum undeformed chip thickness decreases gradually as the intermittent ratio decreases
(ie, the number of grooves decreases) and approaches the value for ordinary continuous grinding. Since
the groove segment of the grinding wheel does not remove materials, the same volume of material will be
removed by less abrasive grain compared to a ordinary continuous grinding wheel,, thus increasing the
undeformed chip thickness of each abrasive grain in the grinding process. On the other hand, as can be
seen from Fig. 13(b), structured grinding wheel can reduce the average contact arc length between
grinding wheel and workpiece. When the groove width is constant, with the decrease of intermittent ratio
(that is, the number of grooves decreases), the average contact arc length increases gradually and
approaches the contact arc length for ordinary continuous wheel grinding. According to the calculation
formula of average contact arc length, the decrease of intermittent ratio means that the proportion of
continuous segment of grinding wheel in one intermittent cycle will increase, resulting in an increase in
the contact arc length.. When the intermittent ratio is the same, the change of the groove width has little
effect on the maximum undeformed chip thickness and the average contact arc length.

7.2 Analysis of calculation results and experimental results
of grinding force
In order to determine the undetermined coe�cients in the grinding force model, substitute the
measurement results of the grinding force of the grooved grinding wheel with a groove width of 6 mm
and intermittent ratio of 1:2 and 1:3.4 into Eq. (23) and Eq. (24), and the undetermined coe�cients K1 = 

5.99, K2 = 62.5, K3 = 4.64×10− 3, K4 = 2.1×10− 3 are obtained. The grinding force signals of different
structured grinding wheels are shown in Fig. 14. Comparing the experimental signal and the calculated
signal of grinding force within 0.1s, it is found that the change trend and value of the calculated signal
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are very close to the experimental results, and both the experimental signal and the calculated signal of
the grinding force �uctuate roughly with a period of 0.016s, which is consistent with the time required for
the grinding wheel to make one revolution. The calculation results and experimental results of the
grinding force of different grinding wheels are shown in Fig. 15, It can be found that the maximum
calculation errors of tangential force and normal force are 14.5% and 11.8%, respectively. The maximum
error occurs when the groove width is 4mm and the intermittent ratio is 1:1.2. The main reason is that
both the number of grooves and the intermittent ratio of the grinding wheel are relatively large, which
makes the impact and vibration larger during grinding, resulting in a larger error between the calculated
value of the grinding force and the experimental value. The calculation error of grinding force of other
grinding wheels are less than 10%, which proves that the grinding force model can effectively predict the
grinding force of groove structured grinding wheel.

7.3 In�uence of structural parameters on grinding force
Figure 16(a) shows the variation of the grinding force with the intermittent ratio when the groove width of
the grooved grinding wheel is 6mm. When the groove width is constant, the reduction of the intermittent
ratio (that is, the reduction of the number of grooves) will produce a larger grinding force. Combined with
the analysis in Section 7.1 of this paper, it can be seen that for the grooved grinding wheel, the decrease
of the intermittent ratio will increase the average contact arc length, so that more abrasive grains
participate in the grinding, resulting in an increase in the grinding force. Figure 16(b) shows the variation
of the grinding force with the groove width when the intermittent ratio of the grooved grinding wheel is 1:
3.4. When the intermittent ratio is the same, the change of the groove width has little effect on the
grinding force. The main reason is that when the intermittent ratio is constant, the change of the groove
width does not change the average contact arc length, and the maximum undeformed chip thickness is
also less affected by the groove width, so the effect of the groove width on the grinding force is not
obvious.

8. Conclusion
In order to study the in�uence of different structural parameters on the grinding force of straight groove
structured grinding wheel, the critical cutting depth for ploughing and cutting transition of 20CrMnTiH is
determined to be about 0.3μm based on the single grit scratching experiments. Based on the grinding
force model of single abrasive grain, and assuming that the diameter of the abrasive grains and the grain
spacing on the surface of the grinding wheel are normally distributed, a calculation model of the grinding
force of straight groove structured grinding wheel considering the structural parameters is proposed. The
maximum tangential force calculation error and maximum normal force calculation error of this model
are 14.5% and 11.8%, respectively, which proves that the calculation model of grinding force proposed in
this paper can accurately evaluate the grinding force of different structured grinding wheels under
different grinding process parameters. Both the experimental results and theoretical calculation results
show that the factors affecting the grinding force of straight groove structured grinding wheel mainly
depend on the intermittent ratio. The greater the intermittent ratio, the better the effect of weakening the
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grinding force, but the increase of intermittent ratio will also aggravate the wear of grinding wheel. How to
reasonably design the structural parameters of grinding wheel needs further research.
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Figure 1

Schematic of scratch morphology
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Figure 2

Schematic of experimental device and scratch pro�les

Figure 3
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Fitting curve between pile-up ratio and scratch depth

Figure 4

Measurement results of abrasive grain size and spacing: (a)schematic of abrasive distribution,
(b)statistical chart of abrasive distribution, (c) schematic of abrasive grain daiameter, (d) statistical chart
of abrasive grain diameter.
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Figure 5

Schematic of structured grinding wheel modeling: (a) modeling �ow chart of structured grinding wheel,
(b) schematic of structured grinding wheel.

Figure 6

Schematic of ploughing force of single abrasive grain
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Figure 7

Schematic of cutting force of single abrasive grain: (a) cutting force analysis in A-A section, (b) top view
of the cutting abrasive grain.

Figure 8

Schematic of the relationship between the length of one intermittent cycle of grinding wheel(lw+lg)and
theoretical contact arc length(lc): (a) lw+lg> lc and lg< lc, lw<lc,, (b) lw+lg> lc and lg< lc, lw>lc, (c) lw+lg> lc and
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lg> lc, lw<lc, (d) lw+lg> lc and lg> lc, lw>lc, (e) lw+lg<lc.

Figure 9

Schematic of the change of actual contact arc length in a cycle: (a) lw+lg> lc and lg< lc, lw<lc, (b) lw+lg> lc
and lg< lc, lw>lc, (c) lw+lg> lc and lg> lc, lw<lc, (d) lw+lg> lc and lg> lc, lw>lc, (e) lw+lg<lc
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Figure 10

Schematic of maximum undeformed chip thickness analysis

Figure 11

Flow chart of grinding force calculation
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Figure 12

Schematic of grinding experimental devices

Figure 13

In�uence of structural parameters on maximum undeformed chip thickness and average contact arc
length: (a) maximum undeformed chip thickness under different intermittent ratios, (b) average contact
arc length under different intermittent ratios.
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Figure 14

Comparison of experimental and calculated signals of grinding force: (a) Grinding force signal of
grinding wheel with groove width of 6mm and intermittent ratio of 1:4.2, (b) Grinding force signal of
grinding wheel with groove width of 4mm and intermittent ratio of 1:1.2, (c) Grinding force signal of
grinding wheel with groove width of 2mm and intermittent ratio of 1:15.
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Figure 15

Comparison between simulation results and experimental results. (a) Tangential grinding force, (b)
Normal grinding force

7.3 In�uence of structural parameters on grinding force

Figure 16

In�uence of structural parameters of grinding wheel on grinding force: (a) In�uence of intermittent ratio
on grinding force, (b) In�uence of groove width on grinding force.


