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Abstract
In order to understand the formation mechanism of surface arc texture of internal gear power honing, the contact line
equation of tooth surface is derived with homogeneous coordinate transformation method, which is based on the involute
helical tooth surface equation of honed workpiece gear as well as the meshing principle of space surface. Then the
influence of shaft angle Σ on the formation of surface arc texture of workpiece is analyzed. The results of imager and
three-dimensional (3D) profilometer are in accordance with the theoretical derivation. In order to analyze the influence of
the power honing process parameters on the surface roughness, a central composite surface design method based on
response surface methodology (RSM) is proposed in a range of process parameters. Based on this, a regression model
of surface roughness for the honed workpiece gear is established. Meanwhile, the influence of power honing process
parameters on the surface roughness of honed workpiece gear is analyzed. The process parameters are the honing wheel
speed nH, Z feed fZ, and X feed fX. The three-dimensional profilometer is utilized to analyze the roughness value with a set
of process parameters, based on which the accuracy and reliability of the model can be verified. The results show that the
surface arc texture is suitable for producing dense textures when the shaft angle Σ is within 5° to 10°. According to the
analysis, nH has the greatest influence on the surface roughness of the honed workpiece gear. The effects of fZ and fX are
almost the same when Ra ≥ 0.4 μm, and while Ra ≤ 0.3 μm, the effect of fZ is slightly higher than that of fX, Ra is the
regression value obtained after the honing process. Based on the mention above, the surface quality of the honed work-
piece gear can be predicted and controlled before honing.

Keywords Internal gear power honing . Surface arc texture . Formationmechanism . Regression model of roughness . Response
surface methodology (RSM)

Nomenclature
Σ Shaft angle
Ra Surface roughness
nH Honing wheel speed
fZ Z feed
fX X feed
rb Radius of base cylinder
σ0 Starting angle
u Generating angle
θ Rotation angle
p Pitch

S1 Workpiece gear coordinate system
S2 Internal gear honing wheel coordinate system
a Distance of the two wheels
ω1,ωW Rotation speeds of workpiece gear
ω2,ωH Rotation speeds of internal gear honing wheel
ϕ1 Rotation angle of workpiece gear
rH Position vectors of internal gear honing wheel
rW Position vectors of workpiece gear
vMWH Point M is the relative velocity in the

coordinate system S (O-x, y, z)
vW Velocity of workpiece gear
vH Velocity of internal gear honing wheel
i12 Transmission ratio
n Unit normal vector
B1 Tooth width
Y Prediction value of surface roughness
ε Error term
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1 Introduction

Finishing process is a primary approach to eliminate the
heat treatment-induced deformation and improve the tooth
surface accuracy and quality [1–3]. The generating method
is often applied to the precision manufacturing of high-
grade gear-box for automobile, especially the application
of internal gear power honing process [4–5].With the de-
velopment of numerical controlled (NC) electronic gear-
box, traditional free honing process is replaced by NC
power honing process, especially the internal gear power
honing process. It can save the cost of high-precision gear
manufacturing and improve the precision of tooth surface
as well as manufacturing, since it is considered as the last
finishing process [6–8]. Amini. N and Westberg. H [9]
proved that the internal gear power honing process can
effectively reduce the vibration and noise generated by
the transmission of honed workpiece gear, since the sur-
face of internal gear power honing is the arc texture while
gear grinding is the periodic and circular texture which
cannot suppress the noise of gear transmission.

Although the arc texture is verified by simulating and
experimenting, there is lack of theoretical analysis, for exam-
ple, reports on the formation mechanism of tooth surface arc
texture from the shaft angle are few. Most of the researchers
who are engaged in the analysis of the tooth surface geometry
and gear manufacturing have carried out the analysis of sur-
face texture from instrumental detection, numerical simula-
tion, experimental analysis, and abrasive cutting. For exam-
ple, JOLIVET et al. [10–11] utilized the interferometer to de-
tect the tooth surface after honing. However, the tooth surface
texture cannot be fully expressed and the accuracy evaluation
of tooth surface with 3D shape needs to be improved since the
tooth surface area is too small. DENKENA et al. [12] applied
numerical simulation technology to analyze the tooth surface
texture, and the simulation results are reliable. Through the
establishment of the surface topography of the grinding wheel
and the interference of the workpiece surface cut by single or
multiple abrasive particles, the relevant scholars evaluate the
surface geometric texture of the workpiece by computational
simulation technology. For example, Chakrabarti et al. [13]
proposed the prediction of the surface roughness with uniform
distribution of abrasive grains. However the initial condition
of grinding wheel is not in a uniformly distributed state, and it
approximates the Gaussian distributionwhich can bemodified
to uniform distribution. Therefore, the method that evaluates
the surface of grinding wheel and then analyzes the texture of
workpiece surface according to the abrasive cutting needs to
be improved. Nguyen et al. [14] measured the topography of
actual grinding wheel and then establishes the virtual simula-
tionmodel. Hecker [15] and Stepien [16] considered that abra-
sive particles should randomly distribute on the surface of the
grinding wheel to predict surface roughness. According to the

research results of Thyssen [17], Karpuschewski [18] uti-
lized the numerical simulation method to simulate the sur-
face topographies of straight tooth generating grinding,
helical tooth generating grinding, and gear honing, the sim-
ulation results show that there are two directions of veloc-
ity between the honing wheel and the honed workpiece
gear. The two directions are tooth direction slip and the
tooth profile slip. Then the abrasive grains on the honing
wheel are cutting on the tooth surface of the honed work-
piece gear, which forms the arc texture. The above research
can only demonstrate that honing can produce arc texture.
However, the formation mechanism of the arc texture of
internal gear power honing is not theoretically analyzed in
terms of meshing transmission in space interleaving. In
order to further understand the formation mechanism, the
equation of tooth surface is derived with homogeneous
coordinate transformation method, which is based on the
involute helical tooth surface equation of honed workpiece
gear, the meshing principle of space surface, and contact
line equation of tooth surface. Meanwhile, the effect of
shaft angle Σ on the formation of surface arc texture of
honed workpiece gear is also analyzed. The tooth surface
is observed and analyzed by 3D profilometer after power
honing. Based on this, the formation mechanism of arc
texture is verified.

Roughness is an essential characteristic of surface texture
and its value is an important parameter to measure the me-
chanical processing level of workpiece surface. Roughness
has a crucial effect on the fatigue resistance and surface fric-
tion properties of the components, assembly motion stability,
wear resistance, and service life [19–20]. The Ra value of
ISO4287 standard is used to evaluate the surface roughness.
In this paper, the Ra value is used to predict the roughness of
tooth surface. As for the prediction of roughness model, most
of the research adopt the roughness peak that assumes accor-
dance with the Gaussian distribution to evaluate the simula-
tion [21–22]. However, it has a certain degree of deviation
from the actual surface roughness. As for the regression
modeling methods of roughness, Fuzzy Nets (FN), Artificial
Neural Network (ANN), and support vector machine are used
in milling surface roughness [23–25]. In order to ensure the
accuracy of the model, these methods either require large
number of samples, large test volume, and complex modeling,
or it is difficult to determine the nonlinear optimal parameters.
Sandro et al. [26] utilized the RSM to establish the predicted
models of the total tooth profile deviation, the total helix de-
viation, and the total gear pitch deviation of the internal gear
power honing. These models are optimized by the particle
swarm optimization. On the basis of the technical parameters
provided by the internal gear power honingmanufacturers, the
RSM can be used to predict the surface roughness accurately.
Considering the fuzziness of the influence degree of fZ and fX
on the roughness in the response surface, the influence degree
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of these two process parameters on roughness can be further
clarified by constructing iso-surface analysis of different Ra
value. Considering the accuracy of the measuring equipment
or the difference of sampling scales, the detected roughness
may bias [27]. The 3D profilometer is utilized to analyze the
roughness value with a set of process parameters, based on
which the accuracy and reliability of the regression model can
be verified.

2 Establishment of the contact line equation
of tooth surface

2.1 Tooth surface equation of workpiece

According to the formation principle of involute tooth surface,
the tooth surface of workpiece is an involute helicoid, which is
shown in Fig. 1.

As can be seen from Fig. 1, S (O-x, y, z) is the inherent
coordinate system of the workpiece gear, rb is the radius of
base cylinder, e is the starting point of involute on the end of
the basic cylinder, and σ0 is the starting angle.M is an arbitrary
point on the involute ef, which is tangent to the basic circle in
point a. ∠eOa = u is the generating angle of point M, it is a
variable parameter. The involute ef takes helical motion with
equal pitch around the Z axis. θ is the rotation angle between
point M and M’ while pθ is the moving distance on Z axis of
the basic cylinder. The formed surface is an involute helicoid

when ef arrives at point B. The equation of the involute heli-
coid is expressed as:

x ¼ rbcos σ0 þ uþ θð Þ þ rbusin σ0 þ uþ θð Þ
y ¼ rbsin σ0 þ uþ θð Þ−rbucos σ0 þ uþ θð Þ
z ¼ pθ

8<
: ð1Þ

2.2 The contact line equation of tooth surface

According to the meshing principle and the conjugate theory
of tooth surface, the contact line equation of tooth surface is
established. The conjugate surface between internal gear hon-
ing wheel and workpiece gear remains in continuous contact
in the transmission process. The tooth surface equation of the
conjugate gear is derived by a known tooth surface equation,
which is based on the envelope principle of gear meshing.
Then the contact line equation of tooth surface can be
established. The spatial coordinate relationship between inter-
nal gear honing wheel and workpiece gear is shown in Fig. 2.

Fig. 1 The formation principle of involute helicoid
Fig. 2 Spatial coordinate system of internal gear honing wheel and
workpiece gear
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In Fig. 2, the coordinate system S1(O1-x1, y1, z1) coincides
with the fixed coordinate system S(O-x, y, z) of the workpiece
gear and the coordinate system S2(O2-x2, y2, z2) coincides with
the fixed coordinate system Sp(Op-xp, yp, zp)of the internal
gear honing wheel. In the internal gear honing process, the
two wheels rotate around the z1 and z2 axes and the rotation
speeds areω1 andω2, respectively.φ1 is the rotation angle that
the workpiece gear rotates around the self-rotation axis, and
only the rotation axes z1 and z2 are consistent with z and zp in
their fixed coordinate systems. a is the distance of the two
wheels, that is, the distance of the two axes. Σ is the shaft
angle of the two axes, it is supposed to be between ω1 and ω2.
Subscript W (Workpiece-gear) represents the relevant param-
eters of the workpiece gear, and subscript H (Honging-gear)
represents the parameters of the internal gear honing wheel.
rW and rH represent the position vectors of arbitrary meshing
point M to their respective coordinate origin on the instanta-
neous contact line, so vMWH of pointM is the relative velocity in
the coordinate system S(O-x, y, z). By means of homogeneous
coordinate transformation method, the position vectors of ar-
bitrary meshing point on the contact line can be derived, as
well as the angular speeds of workpiece gear and internal gear
honing wheel in the coordinate system S(O-x, y, z). The vector
equations are expressed as:

rW ¼
x
y
z

0
@

1
A ¼ TO1rW1 ¼

x1cosϕ1−y1sinϕ1

x1sinϕ1 þ y1cosϕ1

z1

0
@

1
A ð2Þ

rH ¼ rW þ
a
0
0

0
@

1
A ¼

xþ a
0
0

0
@

1
A ð3Þ

ωW ¼ ω1

0
0
1

0
@

1
A ð4Þ

ωH ¼
1 0 0
0 cosΣ −sinΣ
0 sinΣ cosΣ

0
@

1
A

0
0

ω1=i12

0
@

1
A

¼ ω1=i12
0

−sinΣ
cosΣ

0
@

1
A ð5Þ

vMWH is expressed as:

vMWH ¼ vW−vH ¼ ωW � rW−ωH � rH ð6Þ

The vector expression of vMWH in coordinate system S (O-x,
y, z) can be obtained by Eqs. (2)–(6) and it is expressed as:

vMWH ¼ ω1

−yþ ycosΣþ zsinΣð Þ=i12
x− xþ að ÞcosΣ=i12
− xþ að ÞsinΣ=i12

0
@

1
A ð7Þ

According to the meshing geometry theory of the gear,
whether the conjugate tooth surfaces are line contact or point
contact, the meshing equation of the conjugate point M is
expressed as [28]:

vMWH ⋅n ¼ 0 ð8Þ

The normal vector of arbitrary point on the contact line of
workpiece surface in coordinate system S (O-x, y, z) can be
expressed as:

n ¼
nx
ny
nz

0
@

1
A ¼

cosϕ1 −sinϕ1 0
sinϕ1 cosϕ1 0
0 0 1

0
@

1
A

n1x
n1y
n1z

0
@

1
A

¼
n1xcosϕ1−n1ysinϕ1

n1xsinϕ1 þ n1ycosϕ1

n1z

0
@

1
A

ð9Þ

According to Eqs. (8) and (9), the meshing equation of the
tooth surface in coordinate system S (O-x, y, z) is derived and it
is expressed as:

nxω1 −yþ ycosΣþ zsinΣð Þ=i12½ � þ nyω1 x− xþ að ÞcosΣ=i12½ �
−nzω1 xþ að ÞsinΣ=i12½ � ¼ 0

ð10Þ
where i12 is the transmission ratio of the two gears. When the
arbitrary point M on involute helicoid rotates a certain angle
and reaches point M’, the vector value can be expressed by
S1(x1, y1, z1).

rW1 ¼
rb1cos σ0 þ uþ θð Þ þ rb1μsin σ0 þ uþ θð Þ
rb1sin σ0 þ uþ θð Þ−rb1μcos σ0 þ uþ θð Þ

pθ

0
@

1
A ð11Þ

The conjugate contact equation of tooth surface under
S1(x1, y1, z1) can also be deduced by homogeneous coordinate
transformation method.

f θ; u;ϕ1ð Þ ¼
h
θp2−ur2b1
� �

sinΣ sin σ0 þ θþ uþ ϕ1ð Þ
þ apcosΣ−r2b1sinΣ
� �

cos σ0 þ θþ uþ ϕ1ð Þ
þ pcosΣ−asinΣ−i12pð Þrb1

i
uω1rb1=i12 ¼ 0

ð12Þ

Equation (12) is the general expression of the contact line
equation of the tooth surface.

3 Arc texture analysis of the tooth surface

3.1 Contact line analysis of tooth surface

In Eq. (12), the two variables u and θ should be determined, as
well as the initial angle σ0. The involute initial angle of the left
tooth surface of the workpiece gear is σ01, and the right initial
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angle is σ02. The two initial angles are shown in Fig. 3. The
eM angle of arbitrary pointM on the involute ef is represented
by δ, then these variables are expressed as:

0≤θ≤B1=pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r f1=rb1ð Þ2−1

q
≤u≤

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ra1=rb1ð Þ2−1

q

δ ¼ u−arctanuj j
σ02 ¼ σ01 þ π=z1 þ 2δ

8>><
>>:

ð13Þ

where B1 is the width of the workpiece gear, and rf1 and ra1 are
the radius of the dedendum circle and addendum circle,
respectively.

The relative parameters of workpiece gear and internal gear
honing wheel are shown in Table 1.

According to the parameters listed in Table 1, the numerical
solution of the nonlinear Eq. (12) can be obtained by using the
MATLAB software and combining Eq. (13). Then the instan-
taneous contact line can be solved, as shown in Fig. 4, and
more contact lines can be drawn on the tooth surface of the
workpiece, as shown in Fig. 5.

As can be seen from Fig. 5, the changing process of the
contact line from addendum to dedendum is short, long, and
short. The changing process of the adjacent-instantaneous

contact line is caused by the meshing motion, that is, the
cutting trajectory is produced by the abrasive particles on the
internal gear honing wheel from the instantaneous contact line
of the workpiece tooth surface to the adjacent-instantaneous
contact line. The cutting trajectory is the honed trajectory of
the workpiece surface, which is related to the distribution of
the cutting speed of the honed tooth surface. The relative
velocity vMWH of arbitrary point M is superposed by the veloc-
ity vd that along the tooth direction and the tooth profile ve-
locity vf, and the honing particles move at the cutting speed to
form an arc honing trajectory, as shown in Fig. 6.

This is due to the staggered axis of honing wheel and
workpiece, which makes the meshing point of honing gear
produce relative slip velocity vMWH on the tooth surface, the
density of arc texture depends on the size, and position of shaft
angle Σ. Combined with the parameter data in Table 1, and
rotation speed of internal gear honing wheel nH = 860 r/min,
according to the relative velocity of tooth contact line and
contact trace discrete point in MATLAB, the tooth surface
arc texture model is analyzed. After each instantaneous con-
tact line is discretized, the distribution of relative velocity is
simulated on the tooth surface of the workpiece, that is, the
honed trajectory shown in Fig. 7.

In Fig. 7, arbitrary contact point is similar to an abrasive
particle and is represented by a relative motion speed vector. If
the honing trajectory of each abrasive particle is approximate-
ly connected, and then the reference circle is defined as the
boundary (pitch circle when meshing), and the arc curve is
presented with different angles toward the addendum and the
dedendum. The texture of this typical arc trajectory is the
feature of surface morphology, which is generated by the cut-
ting of multi-particles on tooth surface during the process of
power honing.

From the above analysis of shaft angle Σ, the changing of
relative velocity is related to the changing of shaft angle Σ,
which results in the changing of relative velocity of each con-
tact point. The curvature of the arc trajectory is also changed.
This arc trajectory is formed with the extension of the honing
trajectory that induced by the cutting of multi-particles of the
internal gear honing wheel. This can be seen in Fig. 8. The
changing of the curvature can be seen from the changing of
the Σ, that is, 0°, 5°, 10°, 15°, and 20°. Then the influence of

Fig. 3 The end-section parameters of the gear

Table 1 The parameters of
workpiece gear and internal gear
honing wheel

Parameters of workpiece gear Values Parameters of internal gear honing wheel Values Units

Number of teeth z1 73 Number of teeth z2 123 /

Module mn1 2.25 Module mn2 2.25 mm

Pressure angle αn1 17.5 Pressure angle αn2 17.5 Degree

Spiral angle β1 33 Spiral angle β2 41.722 Degree

Modification coefficient x1 0 Modification coefficient x2 0 /

Width B1 27 Width B2 32 mm
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the relative velocity of the tooth surface on the honing trajec-
tory is further verified.

As can be seen from Fig. 8, when the value of shaft angleΣ
is 0°, the honing trajectory is a straight line on the tooth profile
and cannot form the arc trajectory, since the relative velocity
of arbitrary contact points are along the tooth profile direction
of workpiece tooth surface and there is no relative velocity in

lead direction. In the actual gear honing process, if the feed of
the axis direction of the workpiece is increasing, then the arc
texture can also be generated on the workpiece tooth surface.
When the shaft angle increases from 5° to 20°, the curvature of
arc texture on the workpiece tooth surface will flatten and the
radius of curvature increases at the same time. When the shaft
angle is within the range of 10° to 15°, the arc texture is more
obvious. When shaft angle decreases, the decreasing of rela-
tive velocity in tooth profile direction is less than that of lead
direction. Therefore, the relative velocity of the tooth profile
direction is a dominant one, while the relative velocity of the
lead direction decreases until zero; therefore, the radius of arc
curvature is small.When the shaft angle increases, the increas-
ing range of the relative velocity in tooth profile direction is
less than that of lead direction, which makes the large radius of
arc curvature. Meanwhile, it is also shown that the relative
velocity in lead direction of the reference circle is maximum,

Pitch line

Ins tantaneous
contact line

y
x

z

Fig. 4 The instantaneous contact line on the tooth surface of workpiece

Line of basic 
circle

Dedendum 
line

 Line of pitch 
circlez

y

Addendum 
line

Contact
  line

x
Fig. 5 The contact lines on the tooth surface of workpiece Fig. 7 The distribution of honed trajectory on tooth surface

Fig. 6 Surface texture of gear honing
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and then the phenomenon of multiple honing occurs in this
nearby area during power honing moment. It is one of the
main reasons for the “concave” phenomenon on the honed
tooth surface.

Thus, in the actual honing process, reciprocating feed mo-
tion is required in the axis direction of the workpiece to make
the whole workpiece tooth surface hone uniformly. So, it is
advisable to choose the shaft angle within the range of 5° to 10°.

3.2 Experimental validation

In order to further understand the formation mechanism of
surface arc texture of internal gear power honing, the internal
honing wheel with ceramic AL2O3 material is used to power
honing the workpiece gear with 20CrMnTiH material through
four groups of process parameters (as shown in Table 2). Then
the honed gear is detected and analyzed by imager and 3D
profilometer, respectively. The imager is JVL250 and the ob-
jective is × 4.5 times. The geometric texture of the tooth sur-
face is observed by the imager, and the honing texture near the
reference circle is parallel to the lead direction. The dedendum
and addendum are bending to the reference circle and present-
ing arc texture, as shown in Fig. 9.

In order to further compare the geometric texture of the
tooth surface, the μsurf Expert 3D profilometer produced by
NanoFocus Company of Germany is utilized, and the surface
morphology of the first set of process parameters after honing
was detected and analyzed. The type of this instrument is
CLA01 with vertical and horizontal resolutions being 1.8
and 0.003 μm. The measured area of tooth surface is shown
in Fig. 10. The tooth depth is 4.5 mm and the lead is 2.0 mm.
The 3D profilometer is shown in Fig. 11 and the detection
results are shown in Fig. 12.

According to the different testing methods, the results of
Figs. 9 and 12 show that the texture of the tooth surface after
gear honing is a kind of arc geometric texture and the theoret-
ical analysis is verified.

Fig. 8 The influence of shaft
angle on honing trajectory

Table 2 The parameters of honing process

Group nH (r/min) fZ (mm/min) fX (mm/min)

1 920 500 1 × 10−3

2 920 300 1 × 10−3

3 860 300 3 × 10−3

4 1000 500 1 × 10−3
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4 Regression modeling of tooth surface
roughness

4.1 Modeling with response surface methodology

Response surface methodology (RSM) is a combination of
mathematical method and statistical method. It is a statistical
optimization method to solve multivariable problems and it is
based on small sample test data [29]. This method investigates
the relationship between input factors (x1, x2,…,xn) and output

Reference 
circle

Dedendum 

Addendum

(a) The first group honing morphology 

(b) The second group honing morphology 

(c) The third group honing morphology 

(d) The fourth group honing morphology 

Fig. 9 Topography of tooth surface after honing. a The first group honing morphology. b The second group honing morphology. c The third group
honing morphology. d The fourth group honing morphology

Fig. 11 The three-dimensional profilometer

Measurement area

Fig. 10 The measured area of tooth surface
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response y(x). The process parameters of power honing are nH,
fZ, fX. The relationship between these three factors and output
response Ra is a two-order response. The mathematical model
is expressed as:

y xð Þ ¼ b0 þ Σ
n

i¼1
bixi þ Σ

n−1

i¼1
Σ
n

j¼iþ1
bijxix j þ Σ

n

i¼1
biix2i þ ε ð14Þ

where bij is the interaction between xi and xj; bii is the quadrat-
ic effect of xi.

The central composite face-centered (CCF) design method
is applied in this paper. CCF designs the star point on its cube
surface, and it has three levels, that is, 0,±1. Sometimes, the 0
level is not calculated, so the CCF design is also called the two
levels, and its interaction term has the highest prediction ac-
curacy. Meanwhile, it can guarantee the prediction accuracy of
the first-term coefficient and the square term coefficient. CCF
design is shown in Fig. 13.

According to Eq. (14), the quadratic response of surface
equation is expressed as (15). This equation is the response
of process parameters of internal gear power honing to surface
roughness.

Y ¼ Ra−ε ¼ b0 þ Σ
n

i¼1
bixi þ Σ

n−1

i¼1
Σ
n

j¼iþ1
bijxix j þ Σ

n

i¼1
biix2i ð15Þ

where Ra is surface roughness; Y is the prediction value of
surface roughness; ε is the error term.

4.2 Experimental design

The Swiss-produced Fässler HMX-400 machine tool is uti-
lized in the internal gear power honing test, this machine tool
is shown in Fig. 14. The internal gear honingwheel is installed
in the honing wheel rack and rotates in accordance with C1

axis (the honing wheel speed is nH), while the workpiece gear
is installed at the end of the spindle head and it rotates in
accordance with C2 axis. The shaft angle between the internal
tooth honing wheel and the workpiece gear can be adjusted by
A axis. Z1 and Z2 feed axes, which can control the Z-direction
feed FZ of power honing gear. X axis can control X-direction
feed fX of the power honing gear. The cutting depth of the
internal gear power honing is fX and it changes in the actual
cutting process. Therefore, the process parameters studied in
this paper are based on the three process parameters applied in
the actual production of the enterprise.

According to the actual production of enterprises and the
range of Fässler provided process parameters of gear honing,

(a) Results of surface texture of two-dimensional detection

Addendum

Dedendum

mm

(b) Results of surface texture of three-dimensional detection

Fig. 12 Detection and analysis of surface texture. a Results of surface
texture of two-dimensional detection. b Results of surface texture of
three-dimensional detection

Fig. 13 Diagrammatic sketch of
CCF
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nH is in the range of 720 to 1000 rpm, fZ is in the range of 100 to
500 mm/min, and fX is in the range of 1 × 10−3 to 5 × 10−3 mm/
min. The relative gear parameters are shown in Table 1.

The experimental design point of CCF is based on Eq. (16).

N ¼ 2n þ 2nþ x0 ð16Þ

where N is the test number; 2n is the number of cube vertices
under n factor; 2n is the number of stars in the direction of the
cube along the axis; x0 is the center point, and the value is 6.

nH, fZ, and fX are the process parameters in the test. The
influence factor n is 3, and the test number N is 20.

The test factor x1 represents nH, x2 represents fZ, and x3
represents fX. z−1, z0, and z1 represent the −1,0 and 1 levels
of process parameters, respectively. Then the three variables
are encoded as:

xi ¼ zi−z0i
Λi

; i ¼ 1; 2; 3

Λi ¼ z1i−z0i
r

8<
: ð17Þ

where xi are the encoding of variables; zi are the variable
parameters of honing process; z0i is 0 level of the process
variables of gear honing. Λi is variation range of the interval;
r is 1 in CCF.

According to Eq. (17), the level of process parameters are
encoded, which is shown in Table 3.

This experiment utilizes the Swiss produced portable sur-
face roughness instrument TESA RUGOSURF 10, the reso-
lution of the instrument is 0.01 μm/0.04 μm. The measure-
ment of tooth surface for 20 gear parts after power honing is
carried out. Since the tooth surface presents arc-shaped tex-
ture, the middle of the tooth width that nears the reference
circle is measured. The measurement is along the tooth profile
direction and combines the measuring features of stylus. As

shown in Fig. 15, the arrow is the direction of the tooth surface
with stylus measuring method, the detection results of speci-
men 1 are shown in Fig. 16.

4.3 Experimental modeling

As can be seen from Fig. 16, the detection result of gear
specimen 1 is that Ra = 0.669 μm (The honing process pa-
rameters are that nH = 720 rpm, fZ = 100 mm/min, fZ = 5 ×
10−3 mm/min). In order to establish the response surface
model of surface roughness, there are two analysis soft-
ware for RSM, namely Design Expert and Minitab. In
comparison, Design Expert is focus on experimental de-
sign, which can strike out an efficient test scheme and
analyze the test data effectively. As a result, it can obtain
a comprehensive and optimized results, as well as a visual
model. In this CCF test, the Design Expert software of
version 8.0 is employed.

Twenty test results are obtained after 20 times power hon-
ing. The test results are input to Table 4, then the correspond-
ing surface equation of roughness is obtained through the
analysis of Design Expert.

Y ¼ 0:61−0:19x1 þ 0:041x2 þ 0:026x3
þ0:021x1x2−7:938� 10−3x1x3 þ 0:013x2x3

−0:081x21−0:024x
2
2−0:018x

2
3

ð18Þ

where Y is theoretically predictive value of roughness. x1, x2,
and x3 are the encoding of process parameters with power
honing.

4.4 Analysis of iso-surface

In order to accurately analyze the influence of honing param-
eters on roughness, the iso-surface graphs with different Ra

Fig. 14 Fässler HMX-400 machine tool

Table 3 Coding table of factors level

Factors Encoding Level

− 1 0 1

nH x1 720 860 1000

fZ x2 100 300 500

fX x3 1 × 10−3 3 × 10−3 5 × 10−3

Fig. 15 The detection method of specimen 1
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values for Eq. (18) are plotted by means of MATLAB. Ra is
0.3, 0.4, 0.5 and 0.6 μm, respectively. The four iso-surface
graphs are shown in Fig. 17.

As can be seen from Fig. 17a, x1 is in the range of 0.8 to 1.
In Fig. 17b, x1 is in the range of 0.4 to 1. In Fig. 17c, x1 is in the
range of 0 to 0.8. In Fig. 17d, x1 is in the range of − 0.6 to 0.4.
Thus, with the increase of Ra, the value of the influence factor
x1 is close to the low level. x1 has a minimum range of value,
no matter what the Ra value is. Therefore, the influence factor
x1 has the greatest effect on Ra value. When Ra decreases from
0.4 to 0.3 μm, the range of the influence factor x2 has a little
reduction while x3 is almost not change, which can be seen
from Fig. 17a, b. It can be seen that the influence effect of
x2 on Ra value is slightly higher than that of x3. That is,
when Ra ≥ 0.4 μm, the influence of x2 and x3 are almost the
same, when Ra ≤ 0.3 μm, the influence of x2 is slightly
higher than that of x3. The analysis results show that nH
has the greatest influence on the surface roughness of the
workpiece gear. When Ra ≥ 0.4 μm, the influence of fZ and
fX is almost the same, when Ra ≤ 0.3 μm, the influence of fZ
is slightly higher than fX.

5 Model verification

Considering the error of instrumental measurement and in
order to verify the accuracy of the regression model, a group
of 20 measurement results shown in Table 5 were obtained by

Fig. 16 The detection results of specimen 1

Table 4 List of the test data

S/
N

nH fZ fX x1 x2 x3 Ra
r/
mim

mm/
min

μm/
min

μm

1 720 100 5 − 1 − 1 1 0.669

2 860 300 3 0 0 0 0.601

3 720 500 1 − 1 1 − 1 0.651

4 860 500 3 0 1 0 0.612

5 1000 500 5 1 1 1 0.434

6 1000 300 3 1 0 0 0.368

7 860 100 3 0 − 1 0 0.567

8 720 500 5 − 1 1 1 0.756

9 860 300 3 0 0 0 0.600

10 720 300 3 − 1 0 0 0.697

11 860 300 5 0 0 1 0.621

12 1000 100 5 1 − 1 1 0.233

13 860 300 1 0 0 − 1 0.570

14 720 100 1 − 1 − 1 − 1 0.639

15 1000 100 1 1 − 1 − 1 0.212

16 720 300 3 − 1 0 0 0.697

17 860 300 5 0 0 1 0.620

18 1000 500 1 1 1 − 1 0.331

19 860 300 3 0 0 0 0.599

20 1000 100 5 1 -1 1 0.233
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means of non-contact profilometer. The measured value 1 is
the result of contact needle measurement, 2 is the result of
non-contact profilometer, and the regression value is calculat-
ed by regression equation. The accuracy of the test results can
be calculated by formula (19). The average error of the final
test results is 4.52%, while it is 3.06% for the calibration
results of the contactless profilometer. It can be seen that the
surface roughness model established by the response surface
method has a high setting degree and good predictive control
effect.

Δi ¼ Y expi−Y theoi

Y expi

����
����� 100%

Δ ¼
∑
N

i¼1
Δi

N

8>>>><
>>>>:

ð19Þ

where Δi is the error value of the ordinal point i, Yexpi is the
test value of ordinal point i, Ytheoi is the regression theory
value of ordinal point i, Δ is the average error of this regres-
sion model, N is the number of points in this test, and N = 20.
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(a) An iso-surface graph with Ra=0.3μm. 
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(b) An iso-surface graph with Ra=0.4μm.
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(c) An iso-surface graph with Ra=0.5μm.

-0.6
-0.4

-0.2
0

0.2
0.4

-1
-0.5

0
0.5

1
-1

-0.5

0

0.5

1

x1x2

x3

(d) An iso-surface graph with Ra=0.6μm. 

�Fig. 17 The equivalent surface graphs of different Ra values. a An iso-
surface graph with Ra = 0.3 μm. b An iso-surface graph with Ra =
0.4 μm. c An iso-surface graph with Ra = 0.5 μm. d An iso-surface
graph with Ra = 0.6 μm

Table 5 Comparison of two kinds of measurement results with
regression theory value

S/N Measured value 1 Measured value 2 Regression value

1 0.669 0.677 0.678

2 0.601 0.609 0.61

3 0.651 0.652 0.65

4 0.612 0.622 0.627

5 0.434 0.423 0.39

6 0.368 0.359 0.339

7 0.567 0.551 0.545

8 0.756 0.757 0.744

9 0.6 0.599 0.61

10 0.697 0.685 0.719

11 0.621 0.616 0.618

12 0.233 0.236 0.24

13 0.57 0.56 0.566

14 0.639 0.629 0.636

15 0.212 0.222 0.299

16 0.697 0.71 0.719

17 0.62 0.621 0.618

18 0.331 0.332 0.328

19 0.599 0.612 0.61

20 0.233 0.237 0.24
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6 Conclusions

According to the theoretical and experimental analysis, it is
proved that the NC internal gear power honing can generate
arc texture on the surface of the honed gear, and the generated
arc geometric texture is suitable whenΣ is in the range of 5° to
10°. It is also showed that nH has the greatest influence on the
surface roughness of the workpiece gear. When Ra ≥ 0.4 μm,
the influence of fZ and fX is almost the same, when Ra ≤
0.3 μm, the influence of fZ is slightly higher than fX. The
results are applied to predict and control the surface quality
of the workpiece gear before honing.
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