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Abstract: Line laser measurement technology is effective for obtaining the 3D point clouds of complex
surfaces. Thus, a 3D gear measurement model is established in this study. All the point clouds of gear
surfaces are rapidly obtained using a line laser sensor, and the holistic deviations of gear surfaces are
acquired by calculating the normal errors of the gear surface. These informative and complete data
include traditional gear error items and considerable valuable information that is not deconstructed.
To exploit the acquired gear holistic deviations, the structured 3D model is constructed to express
tooth surface errors. In this model, the control method of the statistical process is used to define
highly representative assessment indicators, and a new gear accuracy assessment system is developed
by selecting reasonable indicators. The measurement practice shows that this method exploits the
complete information of the gear surface, including all the current accuracy assessment indicators,
which can be used to expand the new assessment indicators. This method can be used to characterize
the 3D topological tooth surface completely and comprehensively and realize the deep mining and
extended applications of the 3D full information of gear surfaces.

Keywords: gear holistic deviations; gear accuracy assessment; line laser measurement; gear
measurement; gear

1. Introduction

With the continuous advances in the application of gears, tooth surface modification
has become highly complex and diverse to adapt to varied working conditions [1-3].
Therefore, the demand for and requirements for gear inspection are increasing. At present,
the most common approach is to use the gear measurement center to inspect gears and
assess the quality of tooth surfaces according to pitch, profile, and lead deviations from
ISO 1328 [4]. This information provides only a few points or lines on the tooth surface and
is characterized as local tooth surface information. Thus, it is not suitable to characterize
and evaluate tooth surfaces with complex shapes [5,6]. It uses the aforementioned method
to inspect tooth surface topology. which is not practical because of limited measuring lines
and low measuring speed.

In past years, 3D measurement technologies such as line laser triangulation, laser
holography, and industrial computed tomography (CT) have been rapidly developed [2].
These methods can efficiently provide all the 3D information of a gear surface. This infor-
mation presents the characteristics of rich information and complete data, which include
traditional gear error items and valuable information that has not been deconstructed [7,8].

Gear line laser measurement is highly efficient and suitable for the large-scale detection
of gears [9,10]. It can easily be integrated with a traditional contact measurement scheme,
which is convenient for measurement by switching the techniques, such as the 300 GMSL
introduced by Gleason [11,12]. Hexagon [13,14] and Vantage3D [15] have developed
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respective gear online inspection systems with multi-line laser sensors. Multiple line laser
sensors are arranged along the circumference. The complete gear profile can be quickly
scanned when the position and attitude of sensors remain constant. For the gear line
laser measurement, however, key factors that affect the measurement accuracy include
the incidence angle control in the steep root area, occlusion of adjacent tooth surfaces,
secondary reflection of light, multi-sensor fusion, and data splicing [2,16]. Gear laser
holography measurement is a type of relative estimation. Constructing a virtual digital
reference tooth surface is crucial [17]. Fraunhofer IPM has developed a gear measuring
device based on digital multi-wavelength holographic technology [18]. It can be used
to generate various synthetic wavelengths through multiple narrowband lasers, with a
measurement range of submicron to millimeter and rich measurement data points. For the
gear laser holography measurement, obtaining complete information on gear surfaces is
difficult because of tooth occlusion. The larger the helical angle of the gear is, the more
prominent the problem is. Additionally, problems, such as the gear installation position
and adaptive compensation of optical systems, limit the application of this method. CT
measurement presents a unique advantage for gears [2,19]. There is no blind corner and
no light blocking. One measurement can provide information, including the internal size,
external size, the shape of the gear, defects, and all the errors related to the gear’s accuracy.
This method can also be used to solve the difficult problems of gear measurability [20],
such as the measurement of small module internal gears, micro gears, new profile gears,
and complex gears with unknown parameters. However, the measuring accuracy of this
technique is limited to 10 um. Low accuracy is the main limitation of gear CT measurement.

The aforementioned solutions exhibit their respective advantages and disadvantages,
but they remain mainstream for the development of holistic deviation measurement for
gears [2]. Complete information on gear surfaces has been obtained. How to use this
information to analyze and evaluate the real topological tooth surface of gears and how to
better mine and apply this information to give full play to its more useful value remains
key problems [11,21,22].

In this paper, a method based on line laser measurement for the acquisition and
assessment of gear holistic deviations is proposed. The gear 3D measuring model based on
line laser is established. According to the coordinate transformation criterion, the complete
point clouds of all the gear tooth surfaces can be spontaneously obtained. Moreover, by
calculating the normal errors of the tooth surface, gear holistic deviations of the tested
gears can be obtained. In the structured 3D model, new assessment indicators are defined
and calculated to express tooth surface errors. The control method of the statistical process
is used to analyze the whole tooth surface. This method includes traditional gear quality
assessment and can be used to expand the 3D assessment indexes of gears.

2. Gear Line Laser Measuring Model

Four established coordinate systems, namely, the machine coordinate system oy:
(Oo-x0, Yo, 20), sensor coordinate system os: (Os-xs, Vs, zs), measuring light coordinate
system 07: (O-x, 1, 7), and gear coordinate system og: (Og-xg, Vg, Zg), are shown in
Figure 1. Among them, the machine, sensor, and measuring light coordinate systems are
fixed coordinate systems. The gear coordinate system is a dynamic coordinate system that
is attached to the gear and rotates with it.

The tested gear is installed on the principal axis of the instrument and rotates around
this axis. Its rotation angle signal induces the line laser sensor to provide the geometric
information of the gear tooth surface in real-time. In the measuring light coordinate system,
the tooth surface information D; obtained using the sensor can be expressed as follows:

D, = (x,1,0,1)" D



Photonics 2022, 9, 735

30f12

DO = (XOIyOIZOr:l)T/RS =

Figure 1. Coordinate system.

According to the spatial relationship among the coordinate systems, the tooth surface
information D is transformed into the sensor coordinate system, and the tooth surface
information Ds can be expressed as follows:

D;=R;-D;+T} 2)
where
cs 0 0 O
0 1 0 0
DS - (xSryS/ZS/l)TIR? = 0 01 0 IT? = (Or 7hOrOrO)T
0 0 0 1

c_s is the sensor installation parameter, which is set as 1 and —1 for forward and reverse
installation, respectively; hy is the nominal distance of the sensor.

According to the spatial relationship among the coordinate systems, the tooth surface
information D is transformed into the machine coordinate system, and the tooth surface
information Dy can be expressed as follows:

Dy =R? D, + T (3)

where

S,yCﬁ + C75a55 CWC,,( 575}5 — CWS,,(C;; 0 . T
_Caslg S(x Cacﬁ 0 rT(s) - (a()r bOrCOI())
0 0 0 1

where C and S represent cos() and sin(), respectively. The subscripts «, B, and 7y denote the
angles wy, w B and w,, respectively. For example, C, = cos(wy,). These six parameters (a, b,
€, Wa, We, and w+) are used to determine the spatial position and attitude of the line laser
sensor in the 3D measurement of gears.

The tested gear rotates around the principal axis. According to the spatial relationship
among the coordinate systems, the tooth surface information Dy is finally transformed
into the gear coordinate system, and the tooth surface information Dg can be expressed
as follows:

D, =R - Dy @)
where
cosgp sing 0
_ T ¢ | —sing cosep O
Dg_ (xg,yg,zg,l) 'RO - 0 0 1
0 0 0

—_ O O O
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|dnorm| =

@ is the rotation angle.
The 3D point clouds of the tested gear can be obtained.

3. Acquisition of Gear Holistic Deviations

Gear transmission is realized by meshing through an action line. At each moment of
gear transmission, the normal direction of the meshing area of the tooth surface overlaps
with the action line. Therefore, the tooth surface characteristics can be directly assessed or
calculated in the action line direction, that is, the normal direction of the tooth surface.

In Figure 2, the relationship between the gear actual measured point p,,,,, correspond-
ing theoretical point p, and tooth surface deviation can be expressed as the vector sum.

Poctu =P+ dporm = p+ |dnorm|n 5)

where p,,, is the vector of the actual measured point, p is the vector of the corresponding
theoretical point, dy;or1 is the vector for deviation from the theoretical point to the actual
measured point in the normal direction of the tooth surface, and # is the unit normal vector.

‘0’1107711 ‘

v

P

actu

Actual tooth flank

Theoretical tooth flank

Figure 2. Normal deviations of the tooth surface.

According to the tooth surface information Dy obtained using Formula (4), the normal
distance at any point on the tooth surface can be expressed as follows:

x2 =+ 2 2 + 2 ¢
L/ 1 — arctan T 1) — arctan( 78 +zg- an By, ©)
an” B, b b g

According to the criterion that the direction of plus and minus materials are positive
and negative, respectively, the normal error e at any point on the tooth surface can be
expressed as follows:

type =1 : plus material
type = — 1 : minus material

e = type - |duorm| { @)

4. Assessment of Gear Holistic Deviations
4.1. Structured 3D Model to Express Tooth Surface Errors

To exploit the obtained information on the tooth surface, the control method of a
statistical process can be used to analyze the tooth surface quality statistically. First, a
structured 3D model, which can be used to express the structured 3D tooth surface error in
the specialized U-V-Z coordinate system, must be developed. Two spatial vertical directions,
such as U and V, are selected on the tooth surface to establish a coordinate system (Figure 3).
In the U direction, the pressure angle of the profile increases; V is parallel to the axis
direction of the gear; Z is the serial number of gear teeth. Based on the aforementioned
coordinate systems, tooth surface errors available on the same flank of all the teeth can be
represented using the structured 3D model shown in Figure 4.



Photonics 2022, 9, 735 50f12

Figure 4. Structured 3D model to express tooth surface errors.

Therefore, the discretized tooth surface error can be recorded in the following 3D array.

Ei:p =

i,j,k
L1210 L1 e 12,1022, G2 2 CLI 21 B n 1 2n1 Cin 1 e g g
] ] ] ]
€1,1,2002,1,20 /80120 12 €1,2,2:€2220° " €220 Cm22 fr T €1,j,20€2,j20 " oG j2r g L2 2,n20 i 20 2 f (8)
{{”1,1,kvfz,1,kr Ul ke 'L’m,l,k}' {@1,2,kr“2,2,k"" G2k 'fm,z,k}' T {ﬁ,j,k'”z,j,kr“' ik 'L’m,j,k}' i {fl,n,krfz,n,k' e Ciken 'Em,n,k}}'
{{"l,l,p"’Z,l,p/"' il 'L’m,l,p}/ {31,2,;7/"2,2,;7"" Cigprfm2p } T {fl,j,pf""Z,j,p"" it gp } T {el,n,p"’Z/n,p" CCinprt ré’vn,n,p}}

where ¢; i is the error at any point (I, j, k) on the tooth surface, and the subscripts i, j,
and k are the serial numbers of the discretized data points in the U, V, and Z directions,
respectively. m, n, and p are the total numbers of data points in the U, V, and Z directions,
respectively.

The tooth surface quality is assessed for the statistical analyses of several error data
points to obtain representative statistics. For example, the first profile deviation curve on
a flank of the first tooth surface can constitute discrete points as follows: {e1 11,211, -,
€11, ---,€m1,1). n profile deviation curves similar to this curve are present on the same
tooth surface, which constitutes a random process of profile deviation curves; that is, it
can be considered the result of # consecutive random tests of the same random function.
Based on this, the n deviation curves can be statistically analyzed to obtain various statistics
(e.g., maximum, minimum, and median), and then, representative indicators that reflect
the tooth surface quality can be selected.

Using the structured 3D model to express tooth surface errors, any deviation curve,
including the profile and helix involved in the current ISO1328, available on the tooth
surface can be extracted. Moreover, other characteristic deviation curves, such as the profile
of the path of contact and contact line, can be extracted. Considering the flank of the first
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tooth surface as an example, the deviation of any characteristic curve on the tooth surface
can be expressed as follows:

. = (0
EfJ/ ={ e} if ie[l,m] ©)
j€1,n]

Any profile deviation curve and helix deviation curve present on the first tooth surface
can also be included.

i1

El]X = {el,j,llez,j,l/ e /ei,j,ll e /em,j,l} 10

Ei/l — { . . . . (10)
B 61,1,1/31,2,1/ o /el,],ll e /el,n,l}

4.2. Definition and Calculation of New Assessment Indicators

Because a large amount of useful information is obtained from the structured 3D model,
basic statistical analysis indicators, such as the sample mean and standard deviation, were
calculated. The mean and standard deviation provided highly valuable statistical indicators
of the tooth surface quality. Therefore, assuming that tooth surface errors follow a Gaussian
distribution, for a series of measured values (e, e, ... , ¢;, ..., ¢;) of a measured random
variable E, the mean value, standard deviation, maximum value, and minimum value can
be defined as follows:

€i

Tt

-1,
#Eiq

]

—_
=)

q
_ L 2
R )
MAX, = max(eq, ez, - ,€,- - ,eq)
1

MIN, = min (e, e, -+ e, ,€)
1
where g is the total number of samples.

Considering the profile deviation as an example, the holistic 3D tooth surface errors
can be expressed as follows:

EV g2t ... gt o, gl
EV p22 ... g ..., g2l
_ o cee,
Ey = Ey(jx) = {El’k g2k .. gk En’k} (12)
[\ a4 [\ a4 7 ® s 7 o 7
cee,
{Et}(,pl Efc,p/ Tty E{X,p/ ttty Ez,p}

where E,/* is the j-th profile deviation curve on the k-th tooth surface.
According to Formula (11), the expected, standard deviation, and maximum curves of
the profile deviation can be calculated as follows:

n p .
m(i) =115 v BXG)

j=1k=1
J— 2
1o ( ik ik ) Pk 1 ik
oy (1) = E) (i) — Ey — i , Ei ==Y E
tX() n+p_1]§1k§1 o () li% ﬂﬂt() [ migl « () (13)
ik
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where E,J*(i) = eijk, which is the error of the i-th point on the j-th profile deviation curve
on the k-th tooth surface.

In the current standard ISO 1328-1 [10], the profile deviation is assessed according to a
single tooth profile error curve, and this assessment is controlled using three indicators,
namely, Fy, ]}a, and fy,. In the structured 3D model used to express tooth surface errors,
the tooth profile deviation is assessed according to the comprehensive curve of a cluster of
tooth profile error curves, and the assessment indicators should be expanded to five items,
namely, Fu1, Fam, Fuo, ffam, and fram- Far is the total profile deviation, which indicates
the consistency between the actual and designed profile. F,y, is the average total profile
deviation, which represents the accuracy of the deterministic component in the actual
profile deviation. F,, is the profile standard deviation, which indicates the dispersion
degree of the actual profile deviation. fp) is the average profile form deviation, which
denotes the average form deviation of the actual profile. fy, is the average profile slope
deviation, which indicates the average slope deviation of the actual profile.

The calculation method for the assessment indicators f4 and fyau is the same as that
for the assessment indicators fg, and fp, reported in ISO1328-1. The calculation method of
the assessment indicators F,1, Fyu, and Fyy can be expressed as follows:

For = mlax(MAXa(i)) - miin(MIN,x(i))
Fam = max(pa (1)) — min(pa (7)) (14)

Fro = mlax((f,x(i))

The definition and calculation of assessment indicators for helix and pitch deviations
are similar to those of the corresponding indicators of profile deviation (Table 1).

Table 1. Assessment indicators for helix and pitch deviations.

Item Symbol Illustration
Fgr Total helix deviation
Fgm Average total helix deviation
Helix deviation indicators Fgy Helix standard deviation
fﬂ;M Average helix form deviation
fHpMm Average helix slope deviation
Fpr Total cumulative pitch deviation
F Average total cumulative pitch deviation
. TS pM g p
Pitch deviation indicators Fpo Cumulative pitch standard deviation
M Average single pitch deviation
p & glep

5. Measurement Practices
5.1. Measurement Instrument

The gear measurement center (JD32, made in Jingda Liangyi, Harbin, China) illustrated
in Figure 5 is selected as the measurement instrument. It can be used to inspect gears with
a diameter of <350 mm. The positioning accuracy of the three linear motion axes (xg, yo, zo)
is 1 pm, and that of the rotary axis is 2. The line laser sensor is installed on the 3D moving
base of the gear measurement center with the fine-tuning platform to move the 3D linear
position of the sensor space. Simultaneously, the fine-tuning platform can be used to adjust
the three angles of the sensor in space. The tested gear is installed on the principal axis of
the instrument and rotates around this axis at a certain speed. The angle signal is used as
the external trigger source to synchronously utilize the sensor for information acquisition.
The gear measurement process based on the line laser sensor is presented in Figure 6.
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Figure 5. Measurement instrument.

Figure 6. Gear measurement process.

The selected parameters of the tested gear are as follows: The normal modulus is
4 mm, the number of teeth is 48, the pressure angle is 20°, the helix angle is 30°, the tooth
width is 32 mm, and the modification is crowned. The line laser sensor is selected from the
LJ-V7000 series sensor.

5.2. Data Measurement of the Tooth Surface

To achieve the smallest possible angle between the measuring light and the normal
direction of the gear surface during gear measurement, the linear laser sensor is set with a
certain offset in the tangential direction of the gear. Additionally, to obtain extra information
regarding the tooth surface in the tooth width direction by conducting a one-rotation
measurement, the sensor is set at a certain inclination angle. The angle obeys the rule that
the measurement light should be perpendicular to the helix.

The tested gear rotates with the principal axis of the instrument at a certain speed,
and the tooth surface information is obtained using the linear laser sensor. According to
the principle of line laser measurement and coordinate transformation criterion, combined
with Formulas (1) to (4), the tooth surface point cloud of the tested gear can be acquired.
Figure 7 shows the point clouds of the partial tooth width direction obtained by conducting
a one-rotation measurement. Figure 8 presents the complete information point clouds of
the right tooth surface of the first tooth extracted after multi-section scanning.

Z/mm g |

150 ~

—"150
100 <
0 T

Yo / mm -50 . — -50

Figure 7. Point clouds obtained with one—rotation measurement.
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Figure 8. Point clouds extracted after multi—section scanning.

6. Discussion

Considering the complete point clouds of the right tooth surface of the first tooth
shown in Figure 8 as an example, according to Formula (5), the 3D normal deviation of the
tooth surface is illustrated in Figure 9. Figure 9a shows the normal deviation distribution,
especially the shape and amount of tooth surface modification. Figure 9b illustrates the
position of the maximum point and change trend and the rate of normal deviation.

Normal deviation / mm

Normal deviation / mm

’ X -0.015

-0.02 N
72 = 0.02
-0.03 | = i -0.02
004 -0.025

I

20 T~ =

225 _ o
o — 30 004

Measuring diameter / mm
s
S
8

Normal deviation / mm

215”0

eag,; 220

St 2

"8 diagy,
Cler,

Tooth width / mm

(a) (b)

Figure 9. 3D normal deviations of the right tooth surface of the first tooth: (a) 3D topological error;
(b) error contour map.

On the basis of the 2D tooth surface, the error basement criteria specified in ISO 1328
and the 3D tooth surface normal deviations, the deviation in different directions can be
extracted and evaluated as per the requirement. The profile and helix deviations are
extracted in the gear radial and gear width directions, respectively (Figure 10).

— 228.00 — 36.00
0.005
0
g 0.005
El g
. 001 2
2 0015 g
K] 002 &
o 3
o 0025 ©
£ =
g 0.03
g g
= 0035 Z
0.04
-0.045 10um 4 10pm
25 5 — - —
Tooth width / mm p
— 21629 —4.00

(a) (b) (c)

Figure 10. Extraction of the profile and helix deviations: (a) 3D topological error, (b) profile deviations,
and (c) helix deviations.

To verify the accuracy of the measurement and assessment results acquired using
this method, the traditional contact measurement and assessment results are used for
comparison. The gear measurement center (P26, Klingelnberg in Figure 11) is selected as
the comparative measurement instrument; its measurement results are shown in Figure 12.
The comparison results are presented in Table 2.
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Figure 11. Gear measurement center (P26, Klingelnberg, Ettlingen, Germany).

Gear Profile/Lead

a0
65 5 165 S[f3 .1
TR TR

X}
5 5 & slh3.

W | Act.valuelgm
| 4.0
a5 ' 3.1 |[-36.5 1d] | 70.0 ||-46.3 11
e o B T 12.8 || 42.2 103 [16.2 | 50.8 11
55 s s|fie o [raes e [ 3.5 26.7 9|1 2.5 26.2 10
E) [¥3 0.5 98 |
5 65 slhz.s 26.2 qall 1 4 ‘[

(b) (c)

Figure 12. Measurement results of P26: (a) gear profile/lead; (b) local enlarged view of gear profile,
and (c) local enlarged view of gear lead.

Table 2. Comparison results.

Assessment Results/um

Type Item
Contact Measurement Line Laser Measurement
fHa —36.5 —36.89
Profile Fy 422 42.57
er,x 26.7 27.65
fHﬁ —46.3 —31.89
Lead Fg 50.8 43.83
}jr,g 26.2 28.57

According to Table 2, the optical measurement results based on the line laser sensor
differ slightly and are within an acceptable range from the traditional contact measurement
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results. The main reasons are as follows: (1) With contact measurement, obtaining the same
curve as the profile and lead measured and extracted by the line laser sensor is difficult.
(2) Different filtering algorithms are required in data processing (mechanical filtering exists
in contact measurement). (3) The calibration error of the sensor leads to a certain system
error. As a whole, the line laser measurement method can be used to characterize and
identify the tooth surface quality of the tested gears accurately.

Similarly, the full point clouds of the right tooth surface of the first tooth shown in
Figure 8 are selected as an example; that is, k is a constant, and k = 1 in the structured 3D
model used to express tooth surface errors. The comprehensive curve of the tooth surface
is presented in Figure 13.

0.01

=}

I "“'“"‘ My
:«Mnml -i,“l i '-ml_|||'n;*f};t||w|l} iy

-0.01

-0.02

-0.03

Normal deviation / mm
Normal deviation / mm

-0.04 L

216 218 220 222 224 226 228 20 25 30 35

Measuring diameter / mm Tooth width / mm
g /

(a) (b)
Figure 13. Comprehensive curves of the tooth surface: (a) profile deviation; (b) helix deviation.

Therefore, the 3D profile and 3D helix deviations of the right tooth surface of the first
tooth can be expressed as follows:

i1
E(X(j,l) = Eﬂlclll E%lr Tty Ezjx sy E;l,l }
E . _ El 1 E2 1 . El l - Em,l } (15)
‘3(1/1) - ‘B ’ ,B ’ ’ ﬁ ’ ’ ﬁ

According to the aforementioned 3D comprehensive curve of the tooth surface devia-
tion, the assessment results of profile deviations can be obtained as follows:

Forr =499 um, Fyn =193 um, F,y =7.2um, ff“M =17.6 um, fH,m = —6.2 um (16)

The assessment results of helix deviations can be obtained as follows:

F,BT =499 pm, FﬂM =193 Hm, Fﬁ(f =54 um, ff‘BM = 18.8 Hm, fH‘BM =-22 Hm (17)

7. Conclusions

A method based on line laser measurement for the acquisition and assessment of
gear holistic deviations is proposed. This method provides an ideal solution for the 3D
assessment of tooth surface errors. It not only includes all the current accuracy evaluation
indexes but also expands new evaluation indexes, which represent the 3D topological
tooth surface completely and comprehensively and realize the depth mining and expanded
applications of complete 3D information of the tooth surface. Our evaluation results of
the gear measurement based on the line laser sensor show smaller and more acceptable
differences than the traditional contact measurement results. The gear line laser measure-
ment can accurately characterize and identify the quality of the tooth surface for tested
gears. There are many new evaluation indexes in the structured 3D model to express tooth
surface errors, but only a few are analyzed in this study. In the future work, all indexes
will be analyzed to enrich and improve the new system applicable to 3D gear assessments.
In addition, based on the rich point cloud of the tooth surface, the virtual comprehensive
error of gears will be researched.
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