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Abstract Gear is the key basic component of industrial equipment. Gear measurement has shown the characteristics of
networking and cloud. In order to adapt to the rapid development of gear tooth surface measurement technology, this paper
establishes a gear accuracy evaluation online service system based on cloud platform. The service provides different fitting
algorithms for three-dimensional tooth surface deviation, realizes the three-dimensional visual expression of tooth surface
deviation, and allows users to evaluate the whole tooth surface deviation of gear on line; In addition, the system realizes the
standardization of gear measurement cloud data based on GXML data model, which is convenient for the storage and
transmission of measurement results between different devices. Finally, the system saves the user's evaluation results in
GXML data model and generates the corresponding detection report, which provides data support for the subsequent analysis
of tooth surface deviation, improvement of gear manufacturing process and error traceability.
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1. Introduction

The three-dimensional deviation measurement of gear
tooth surface is the latest development trend in the field
of gear measurement, and has shown the characteristics
of networking and cloud [1-2]. Developing a cloud
measurement system for 3D tooth surface deviation
measurement can not only realize the visual analysis of full
tooth surface deviation and the cloud sharing of gear
measurement data, but also provide data support for the
traceability of gear manufacturing error.

With regard to the research and application of cloud
platform in the field of gear manufacturing and
measurement, in order to standardize gear data, the German
Institute of Engineers (VDE / VDI) has formulated the gear
data exchange format GDE (gear data exchange format),
which aims to realize the standardization of gear data
format and solve the transmission problems caused by the
heterogeneity of gear data [3-5]. On the basis of GDE, the
German Federal Institute of Physics (PTB) proposed the
gear digital calibration certificate (GDCC), which stores,
authenticates and transmits the gear measurement and
calibration results and signatures in the form of XML
language. In 2015, PTB launched the international
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metrology software certification system (TraCIM) to
implement metrology software traceability, aiming to
realize the functions of requesting standard input data,
submit ting results and obtaining certification reports in the
certification process through a special network platform
[6-7]. Based on the extensibility, structure and cross
platform characteristics of XML language technology,
Zhang dengpan et al. [8-9] proposed a standard language
GXML for the field of gear measurement, and designed a
cloud measurement system for gear measurement data
exchange and three-dimensional tooth surface deviation
evaluation. Tang Jie et al. [10] deployed a cloud processing
system for processing gear double meshing measurement
data on the cloud platform based on JavaWeb technology.
The system transmits gear double-sided measurement
related data in XML format, realizing the upload and
download of measurement data on the cloud platform
and the online evaluation of gear double meshing error.
The above research contents study the measurement and
expression of gear tooth surface deviation from the aspects
of gear measurement data exchange format, tooth surface
deviation evaluation system and gear measurement data
cloud processing, but the contents of tooth surface deviation
evaluation algorithm, three-dimensional visual expression
of tooth surface deviation and application of GXML data
model still need to be further studied.

Aiming at the problem of mathematical modeling and
visual expression of tooth surface deviation in three
dimensional tooth surface deviation measurement, this
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paper develops a gear cloud measurement system based
on Python web technology and GXML data model. The
following sections introduce the system service process
of the gear cloud measurement system in detail. Firstly,
several fitting algorithms in the system are introduced
from the mathematical background of the mathematical
modeling algorithm of tooth surface deviation. Secondly,
the system architecture and business logic of the gear cloud
measurement system are introduced, and the functional
modules in the system are described. Finally, the feasibility
of the construction scheme of gear three-dimensional tooth
surface deviation cloud measurement system is verified by
using the actual tooth surface measurement data, which
provides a new method and means for analyzing the whole
tooth surface deviation, data sharing and error traceability.
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Figure 1. System Service Framework

2. Mathematical Background

The key requirement of three-dimensional tooth surface
quality evaluation is to accurately fit and analyze the
deviation of the gear tooth surface measurement point set.
The point set data is generally the measurement point
coordinate data and tooth surface point cloud data obtained
from the gear surface through CMM or scanner. Its
fundamental calculation goal is surface fitting. At present,
the three-dimensional measurement technology of gear
tooth surface is mainly three-dimensional surface
reconstruction technology based on polynomial fitting
method, B-spline surface method, NURBS surface fitting
and Coons surface method, which correspond to different
mathematical algorithms respectively. After completing the
three-dimensional tooth surface deviation mathematical
modeling, the deviation surface is analyzed to obtain the
tooth pitch, tooth profile and other deviations of the tooth
surface. This paper adopts the tooth surface deviation fitting
algorithm based on 2D Chebyshev orthogonal polynomial,
2D Legendre orthogonal polynomial and bicubic B-spline
[11]. Its mathematical background is described below.

2.1. Chebyshev Orthogonal Polynomial Fitting
Algorithm

The concept of Chebyshev orthogonal polynomial fitting
is used to obtain geometric features, which depends on
its two advantages: one is that Chebyshev orthogonal
polynomial can keep the maximum error to a minimum when
used for fitting. The second is that the orthogonality of
Chebyshev orthogonal polynomial can make it have no
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crosstalk during fitting, which is conducive to analyze the
influence of different terms on the fitting results. The 2D
Chebyshev orthogonal polynomial function image extended
by 1D Chebyshev orthogonal polynomial has similar
characteristics with common tooth surface deviation terms,
so it is used for tooth surface deviation fitting.

1D Chebyshev orthogonal polynomial Tj (x) is shown in
formula (1):

T, (x) = cos[k - arccos(x)],k =0,1,2---00.x € [-1,1] (1)

2D Chebyshev orthogonal polynomials can be generated
by multiplying two 1D Chebyshev polynomials in the
vertical direction, as shown in equation (2):
G (x,y) = Tp(x) : Tq 6%) 2
Where T,(x) and T,(y) are 1D Chebyshev orthogonal
polynomials along the x direction and Yy direction
respectively. The definition domains are [-1,1], so the
C, (x,y) definition domain of is [-1,1]x[-1,1]. The tooth
surface deviation function model constructed from the
expression of the first n terms is shown in equation (3):

Ge(x,y) = c30Co (x,y) + cp1 - C1 (x,y)
+C2 G (0 y) + o Fepn G () (3)

The full tooth surface deviation can be obtained from
equation (3), and the deviation can be visually expressed by
the system plug-in according to the function model. The
three-dimensional tooth surface deviation fitting algorithm
in the system is obtained from the programmed polynomial
function model above. In addition, according to the
corresponding characteristics of the first six polynomial
function images with tooth pitch and tooth profile deviation,
the corresponding term coefficients can be used to evaluate
the common tooth surface deviation terms.

2.2. Legendre Orthogonal Polynomial Fitting Algorithm

Legendre orthogonal polynomials and Chebyshev
orthogonal polynomials have similar characteristics.
Because they can keep the maximum error to the minimum
and the orthogonality between items, they can be applied
to deviation surface fitting. 1D Legendre orthogonal
polynomials are also a set of orthogonal function systems
defined in the range of [-1,1], 1D Legendre equation is
expressed as equation (4):

(1=x?)P'(x) —2xP'(x) +n(n+ DP(x) =0 (4)
When n is an integer, 1D Legendre polynomial is a
special solution of 1D Legendre equation, where m=n/2

when n is an even number; When n is an odd number, m=
(n-1) / 2; 1D Legendre polynomial is shown in equation (5):

Pn (x) — :[nz() o (2n—2m)! xn_zm (5)

m!(n-m)!(n—2m)!
2D Legendre orthogonal polynomial can be extended
from two 1D Legendre orthogonal polynomials, that is, it is
obtained by multiplying two 1D Legendre polynomials
B,(x), B,(y) in the vertical direction. Its definition domain
is on the [-1,1]x[-1,1] rectangular region. The expression of
the first n terms of the 2D Legendre orthogonal polynomial
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is shown in equation (6):

Ln(xry)=Pn(x)'Pn(y) (6)
2D Legendre orthogonal polynomials are defined in the
[-1,1]x[-1,1] domain. The tooth surface can be regarded as a
rectangular surface in the tooth surface coordinate system.
After normalizing the tooth surface to the [-1,1]x[-1,1]
domain, 2D Legendre orthogonal polynomials are used for
deviation function modeling. The tooth surface deviation
function model constructed by the first n terms of the
polynomial in equation (6) in the system is shown in
equation (7):

GL(x,y) =1y Lo (x,¥) + 11 - Ly (x,¥)
+lp Ly () + o+l - Ly (x,y) (7

In the gear cloud measurement system, after the tooth
surface deviation function model established based on
equation (7) is programmed, it is the three-dimensional
tooth surface deviation fitting algorithm based on Legendre
orthogonal polynomial in the system. After the system
drawing, the plug-in processing function model can directly
display the whole tooth surface deviation, and the common
tooth surface deviation items can also be evaluated
according to the corresponding term coefficients of the first
six items.

2.3. Bicubic B-spline Fitting Algorithm

Bicubic B-spline fitting algorithm can better deal with the
surface fitting problem of scattered points in engineering
application. It constructs bicubic B-spline surface equation
according to control vertices and basis function. If N =

(m+1) x (n+1) control vertices d;; (i=0,1,2---m, j

0,1,2:-:n ) are known, k and | are the times of parameters
u and v, the two node vectors are: U = (ug Uq *** U ig41)s
V = (Vo V1 *** Vmsk41), Then the B-spline surface equation
is shown in equation (8):

P(u,v) = XiLo Y=o dijNig W) N (0w S u < upyy,
®)
Where N;(u) N;;(v) is a spline basis function, and the
basis function is shown in equation (9):
(No(t) = (—t3+3t2 -3t +1)/6
N;(t) = 3t3 — 6t* + 4)/6

UV, SUVS U

N,(t) = (—3t> +3t2 +3t+1)/6 ©
N3(t) =t°/6
When k=I=3, equation (8) is the bicubic B-spline surface

equation.

Based on the three-dimensional tooth surface deviation
fitting algorithm described in 2.1-2.3, the algorithm is
realized through the cloud system, and the cloud 3D
evaluation service is provided. The user completes the
gear measurement through the measuring equipment,
preprocesses according to the data format, submits the data
through the user terminal, and the cloud system completes
the three-dimensional reconstruction of the tooth surface
deviation surface. The function model established by
the algorithm can comprehensively analyze the whole
tooth surface deviation. In addition, according to the
three-dimensional tooth surface deviation function model,
the order discussion of tooth surface deviation can analyze
the error sources in manufacturing and be used to improve
the subsequent manufacturing process.
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3. Construction and Implementation of
Gear Cloud Measurement System

3.1. Gear Cloud Measurement System Architecture

The gear cloud measurement system is built based on
Python web framework and uses GXML data model to save,

exchange and transmit gear measurement deviation data [12].

First, create an application under the Django project through
the Django admin management tool for local development.
The system front-end interface is developed based on HTML
and CSS, and python provides computing support for the
system background. The local development is completed in
Pycharm, and the Django and Numpy third-party packages
required for the project are downloaded and installed through
the python package management tool pip. The system
front-end interface framework is supported by Bootstrap
framework, and the three-dimensional tooth surface
deviation drawing is completed by Echarts and Matplotlib
plug-ins. The deviation data generated by uploading and
calculation in the system are saved in the database after being
standardized by GXML data model. When generating the
test report, you can call the corresponding GXML document
in the database. Finally, upload the locally developed
system to the cloud server to provide services for users.
The system architecture and technical scheme of gear cloud
measurement system are shown in Figure 2.

3.2. GXML Data Model

<?xml version="1.0" encoding="UTF-§"?>
<xs:schemaxmins:xs="http://www.w3.org/ 2001/XMLSchema"
elementForm Default="qualified" >
<! -- gear deviation data (unit: pm) --»
<xs:element name="gear_deviation_data">
<xs:complexType>
<xs:element name="profile_deviation">
<xsisequences
<xs:element name="profile_deviation">
<xs:element name="profile_slope_deviation" type="xs:decimal"/>
<xs:element name="profile_slope_deviation" type="xs:decimal"/>
<xs:element name="profile form deviation" type="xs:decimal"/=>
<xs:attribute ref="reference_diameter "/>
<xs:attribute ref="module"/>
<xs:attribute ref="accuracy class"/=
<xsisequence>
</xs:element> |
<xs:complexType=
</xs:element>

Figure 3. GXML Data Model Structure

Gear extensible markup language (GXML) is a
standardized data exchange format for expressing and
storing gear measurement results in the cloud. It is an
expansion of XML language in the field of gear
measurement [13-14]. The gear cloud measurement system
realizes the standardized processing of gear measurement
deviation data through GXML. The system generates GXML
documents through the data model based on GXML
standardized data exchange format, which makes the gear
measurement data in XML format more unified in format
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and content. GXML data model ensures that both sides of
data exchange have the same data format, so that gear
measurement deviation data can be exchanged directly. The
structure of GXML data model [15-17] is shown in Figure 3.

3.3. 3D Tooth Surface Deviation Measurement Service
Logic

The main user objects of the gear cloud measurement
system are the gear measurement mechanism and the
research institution of 3D gear tooth surface deviation
evaluation algorithm. The 3D tooth surface deviation
measurement service in the system can enable them to
obtain the tooth surface deviation quickly and intuitively.
The calculation of three-dimensional tooth surface deviation
measurement service partially depends on Django's MTV
framework as shown in Figure 2. After registering and
logging in, you can first access the gear measurement
module in the gear cloud measurement system through the
front page of the system or URL address. After uploading
the corresponding gear measurement point data and gear
basic parameters in the gear measurement module, the gear
basic parameters will be standardized and saved to the
database in GXML format as shown in Figure 4. Click
Submit to send the Ajax request from the front end, resolve
the routing address by the Urls file, then forward to the
corresponding Views, call the algorithm program in Views
to complete the calculation of the three-dimensional tooth
surface deviation. The calculated results need to be returned
to the front-end interface, and the front-end Echarts
executes the drawing program, and saves the calculated
results into the database in the form of GXML document for
subsequent download services.

<?xml version="1.0" encoding="UTF-8" standalone="yes"?>

<parameters>
<gear_id>HD9012940281</gear id>
<gear_type=Involute cylindrical helical gear</gear type=
<base_ diameter>69.025 mm</base_ diameter>
<start_of_active_profile_diameter>70.581 mm
|</start of active profile_diameters
<addendum=>4.589mm-</addendum>
<dedendum=3.216 mm</dedendum:=
<normal_ module>3.75 mm</normal module>
<tooth_number:>19</tooth_number:
<hand_of spiral=right</hand_of spiral=
<helix_angle>15°</helix_angle>
<base spiral_angle>14.076"</base spiral_angle>
<pressure angle=20°</pressure angle>
<accuracy_class>6</accuracy class>
<madification_coefficient> +0.3424</modification_coefficient>
<material>20CrMnTi</material>

</parameters:>

Figure 4. Basic Parameters of Gear in GXML Format

3.4. Test Data Set Download

For evaluation algorithm research institutions, the
original data of tooth surface measurement points need to
be used when testing and developing new evaluation
algorithms. The test data set provided by the gear cloud
measurement system contains the original data of tooth



Journal of Mechanical Engineering and Automation 2022, 11(1): 1-8 5

surface measurement points. The test data set is composed
of many tooth surface measurement point data, including
the XYZ coordinate value of each measurement point and
the corresponding deviation of this point. Users can access
the Url address to obtain the corresponding service of the
test dataset. During execution, the request is forwarded to
the corresponding test data set download interface from the
Urls address file in Django, and the corresponding test data
set file is retrieved from the system database. The test data
set in the gear cloud measurement system is normalized by
the GXML data model into a GXML document as shown in
Figure 6, where x_ axis, y_ axis, z_ axis is the coordinate
value of a single tooth surface measurement point. In
addition, the corresponding reference results are included,

and researchers can compare the calculated results with the
reference results. The test data set currently provided is
measured by CMM as shown in Figure 5.

3.5. GXML Test Report Download

When the user uses the gear cloud measurement system
to measure the 3D tooth surface deviation, after correctly
uploading the data to the system, the system will give the
corresponding deviation evaluation results [18] and create
the test report according to the three-dimensional tooth
surface deviation evaluation algorithm in the system. The
detection results returned by the system from the database
are included in a GXML data document as shown in Figure
7 [19-20], and then parsed into an easy to read PDF file.

Figure 5. Experimental CMM

<?xml version="1.0" encoding="UTF-8" standalone="yes"?>

<dataset_type="Data">
<name=data set</name>
<number=5000</number=
<tooth_number>1</tooth_number>

<tooth_flank=Profile: 0°, right flank</tooth_flank=

<tooth_ module>3.75</tooth_module=
<tooth_alpha>20°</tooth_alpha>

<tooth_modification=0.3424 </tooth_modification>
<total_profile_deviation_right_flank=4.3 pym</total_profile_deviation_right_flank>
<single_pitch_deviation_right_flank=4.1 pm(1)</single_pitch_deviation_right_flank>
<total _helix_deviation right flank>7.9 pm</total helix_deviation right flank>

<data_source=>
<serieses=
<series_name="x_axis">
<value=>34.574009</value>
</series>
<series_name="y_axis">
<value=-6.374338</value=
</series=
<series_name="z_axis">
<value=-7.002344 < fvalue=
</seriess
< /serieses=
</data_source=
</data_type>

Figure 6. GXML Format Test Data set
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|<?xml version="1.0" encoding="UTF-8" standalone="yes"?>
<evaluating results>
<gear_id>HD9012940281</gear id=
<gear_type=Involute cylindrical helical gear</gear type>
<profile_deviation>
<profile_slope_deviation_left_flank=>0.0 um</profile_slope_deviation_left_flank=>
<profile_form_deviation_left_flank>3.8 pm</profile_form_deviation_left_flank=
<total_profile_deviation_left_flank>4.4 pm</total_profile_deviation_left_flank=
<profile_slope_deviation_right_flank=0.1 um</profile_slope_deviation_right_flank=
<profile form deviation right flank=4.0 pm</profile form deviation right flank>
<total_profile_deviation_right_flank=4.3 pm</total_profile_deviation_right_flank>
</profile_deviation=
<pitch_deviation>
<single_pitch_deviation_left_flank=>5.4 um(15)</single_pitch_deviation_left_flank=
<cumulative_pitch_deviation_left_flank=>16.6 pm(1-19)</cumulative_pitch_deviation_left_flank=
<single_pitch_deviation_right_flank>4.1 ym(15)</single_pitch_deviation_right_flank=>
<cumulative_pitch_deviation_right_flank=>17.4 pm(1-19)</cumulative_pitch_deviation_right_flank=
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</pitch_deviation>
<helix_deviation=

</helix_deviation>
<material=20CrMnTi</material =
</evaluating results=

<helix slope deviation left flank=7.1 pm</helix slope deviation left flank:
<helix_form_deviation_left_flank>4.0 pm</helix_form_deviation_left_flank=
<total_helix_deviation_left_flank>10.7 pm</total_helix_ deviation_left_flank>
<helix_slope_deviation_right_flank=>3.0 pm</helix_slope_deviation_right_flank>
<helix_form_deviation_right_flank=4.1 pm</helix_form_deviation_right_flank=
<total_helix_deviation_right_flank=>7.9 pm</total_helix_deviation_right_flank=

Figure 7. GXML Document of Test Report

4. Application Experiment of Gear
Cloud Measurement System

4.1. 3D Tooth Surface Deviation Expression Modules

The 3D tooth surface deviation expression module of
gear cloud measurement system aims to intuitively express
the deviation of the whole tooth surface. After completing
the system registration login, correctly entering the basic
gear parameters and importing the tooth surface

measurement point data in the lower input box, click
"calculate”, the system will complete the deviation
modeling according to the currently selected 3D tooth
surface deviation modeling algorithm, and the results will
be visually displayed in the front end of the system. The
deviation of 1R tooth surface is shown in Figure 8:
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Figure 8. 3D Surface Deviation Expression Module

4.2. Full Tooth Surface Deviation Analysis Module

The whole tooth surface deviation analysis module in
the system aims to comprehensively analyze the gear
tooth surface according to the deviation function model
established in 2, that is, analyze profile and helix at any
place. As shown in Figure 9, the module of the system first
carries out the solid modeling of the gear according to the
basic parameters of the gear by the OpenjsCAD plug-in.
Secondly, it realizes the visual expression of the pitch
deviation of any tooth and the deviation of tooth profile and
helix of any tooth surface.

o 6cM system n Borth i Legrncie algnriches IO Sloubie orellme e B
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Figure 9. Full Surface Deviation Analysis Module

4.3. Test Report and Test Data Set Download Module

The test data set and test report download module in the
gear cloud measurement system provides test data set and
report document download services. As shown in Figure 10,
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for the researchers of three-dimensional tooth surface
deviation algorithm, they can directly download the required
data on this page to test the effect of the algorithm, so as
to realize testing while developing and improve the
development efficiency. For error traceability researchers,
the historical report in the system can be downloaded for
error traceability analysis.

ﬁ GCM System

Mgorithm  Legendre Algorithm  Bicubic B-spline Wielcoma AN login

3D Surface Deviation

Deviation Analysis

Figure 10. Test Dataset Download Module

5. Conclusions

The gear cloud measurement system is built based on
Python Web framework and GXML data model, which aims
to provide services for gear measurement mechanism and 3D
tooth surface deviation evaluation algorithm research
organization. The system contains built-in three-dimensional
tooth surface deviation evaluation algorithms, which can
mathematically model the tooth surface deviation, evaluate
the whole tooth surface deviation of the gear, and visually
express the evaluation results in three dimensions.

The system provides a test data set based on GXML
data model, which can be used for Algorithm Engineers to
test their own three-dimensional tooth surface deviation
evaluation algorithm, and the system provides the reference
results of the test data set for comparison, which is
convenient for engineers to test when developing.

The gear cloud measurement system will save the user's
test data and test results in the form of GXML document and
provide the download of test report for analyzing the error of
gear manufacturing process and subsequent improvement of
gear manufacturing process.
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