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ABSTRACT

There are various file formats, such as MKA, PKT, and GDE, for transferring dimensional
and topological data of gears betweenmachines, software, and users, but interoperability
is often lacking. Additionally, errors in gear measurement using measurement machines
make it difficult to perform accurate simulations. To solve this problem, automatic pro-
cessing methods for gear topographies were developed to increase the effectiveness of
tooth contact simulations. The project includes three main stages: measurement, data
reading and processing, and simulation. Data reading from GDE files is performed using
algorithms written in C and Fortran programming languages, including a sorting routine
that organizes input data for the ZaKo3D simulation software. The data processing stage
uses Python’s Scipy libraries to correct incomplete or badly measured data from gear
measurement machines. GDE files of fully measured spur and helical gears were gen-
erated with irregularities in the topography, and various interpolation methods were
investigated, including "Griddata", "RBFInterpolator", and "BSpline", using heatmaps to
compare original and predicted values. In addition, hyperparameter optimization of the
interpolator was conducted using performance metrics such as Root Mean Square Error
(RMSE) and Maximum Absolute Error (MaxAE). The best interpolation results were ob-
tained with the Radial Basis Function (RBF), which smoothed irregularities and proved
that partially measured surfaces can be reconstructed by extrapolation. Furthermore,
reading GDE files is efficient, allowing for the correct transfer of gear data to the cod-
ing structure of the Werkzeugmaschinenlabor (WZL) Gear Technology Team. The results
clearly demonstrate that the implemented data reading and processing methods increase
process automation, minimizing user errors. Additionally, reconstructing surfaces from
partially measured originals can reduce measurement time and promote more effective
simulations.

Keywords: Gear Topography. GDE file format. RBF Interpolator.



RESUMO

Há diferentes formatos de arquivos, como MKA, PKT e GDE, para transferência de da-
dos dimensionais e topológicos de engrenagens entre máquinas, softwares e usuários,
mas frequentemente há falta de interoperabilidade entre eles. Além disso, as falhas na
medição de engrenagens em máquinas de medição dificultam a realização de simulações
precisas. Para resolver esse problema, foram desenvolvidos métodos de processamento
automático de topografias de engrenagens para aumentar a eficácia das simulações de
contato entre dentes de engrenagens. O projeto contempla três fases principais: me-
dição, leitura e processamento de dados e simulação. A etapa de leitura de dados em
arquivos GDE é feita com algoritmos escritos em linguagens de programação C e Fortran,
incluindo uma rotina de classificação que organiza os dados de entrada para o software
de simulação de ZaKo3D. Enquanto o estágio de processamento de dados utiliza bibliote-
cas Scipy do Python para corrigir dados incompletos ou mal medidos pelas máquinas de
medição de engrenagens. Para isso, foram gerados arquivos GDE de engrenagens helicoi-
dais e de dentes retos totalmente medidos, mas com irregularidades na topografia. Thês
métodos de interpolação foram investigados: “Griddata”, “RBFInterpolador” e “BSpline”,
usando heatmaps para comparar os valores originais e previstos. Além da otimização
de hiperparâmetros do interpolador através de métricas de desempenho, como a Raiz
Quadrática Média (RQM) e o Máximo Erro Absoluto (MaxEA). Os melhores resultados
de interpolação foram obtidos com a Função de Base Radial, que suavizou as irregula-
ridades e comprova que as superfícies parcialmente medidas podem ser reconstruídas
por meio de extrapolação. Além disso, a leitura dos arquivos GDE é eficiente, permitindo
a transferência correta dos dados de engrenagens para a estrutura de códigos do Time
de Tecnologia de Engrenagens do Werkzeugmaschinenlabor (WZL). Assim, os resultados
demonstram claramente que os métodos de leitura e processamento de dados imple-
mentados aumentam a automação do processo, minimizando erros de usuário. Ademais,
a reconstrução de superfícies a partir das originais parcialmente medidas, pode reduzir
o tempo de medição e promover simulações mais eficazes.

Palavras-Chave: Topografia de Engrenagem. Formato de arquivo GDE. Interpolador RBF.
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1 INTRODUCTION

1.1 MOTIVATION

Gearboxes have a long history dating back to ancient times. The most extensive

use of gearbox began with the Industrial Revolution of the 18th and 19th centuries,

developingmore advanced geared transmissions for use inmachinery such as textile mills,

steam engines, and locomotives. In addition, gears and gearboxes are used in various

applications, including automobiles, airplanes, and industrial equipment (BANODIYA;

KARMA, 2017).

However, during gear operation, it is common for contact problems to occur be-

tween gear surfaces. Transmission errors include problems such as rotational delay be-

tween the driving and driven gears. This is caused by the disturbance of random noise

factors such as manufacturing errors, and misalignment during assembly (BANODIYA;

KARMA, 2017).

In order to represent the actual application behavior of gears in as much detail

as possible, the Gear Technology Team from the Chair of Machine Tools, Laboratory for

Machine Tools and Production Engineering Machine Tool Laboratory (WZL) at RWTH

Aachen University, developed the program ZaKo3D. The ZaKo3D software is a program

within the institute’s product range for performance Tooth Contact Analysis (TCA). How-

ever, the software has as its main drawback the fact that the point clouds used in the

simulation are obtained from a gear measuring center, and sometimes the measurement

is inaccurate.

Besides the gear manufacturing problems mentioned by Xu et al. (2015), some

issues arise from the measurement process itself on Coordinate Measuring Machine

(CMM). When a CMM is used to measure the gear topography, measurement errors are

practically inevitable. Many factors are causing these measurement errors, including the

CMM itself, the measurement sampling techniques used in the probe radius and probe

approach, and inadequate cleaning of the piece (WANG et al., 2022).

Furthermore, different measuring machines operate with different file formats

for saving gear data. However, the lack of standardization of gear data has made this

process complex. In light of this, the Gear Data Exchange (GDE) file format, defined by

the Association of German Engineers (VDI), was developed as a flexible data format

based on the Extensible Markup Language (XML) format.

As a result, two major problems hinder the correct and accurate inspection of

gears. The first was the influence of CMM errors on 3D gear measurements, resulting

in incorrectly measured gear geometry data (LIN, H. et al., 2020). The second problem

was the difficulty of transferring gear data between CMM and simulation software, or

between different simulation software.

Thus, in the context of the first issue, many proposals have been developed to



Chapter 1. Introduction 18

digitally recreate the tooth surface and smooth out flaws. For instance, Chen-Hsiang Lin

and Fong (2015) proposed the Numerical Tooth Contact Analysis (NTCA), in which the

tooth surface is measured from a real gear and reconstructed as a B-spline free-form

surface or using a Non-Uniform Rational B-spline (NURBS) from Lin Yang et al. (2011)

for beveled gears. In addition, Mo et al. (2022) suggests using Radial Basis Function

(RBF) under usual constraints. RBF has become one of the leading methods for point

cloud fitting because it has a solid mathematical basis, the advantage of the simplicity of

computation, and the ability to process non-uniform points.

At last, in order to deal with the second issue, a structured process for handling

gear data has been designed by the Gear Technology Team in WZL. This data struc-

ture is part of the WZL library and allows files in formats such as MKA and PKT to be

read/written and then converted between different formats. However, file formats such

as GDE were not yet fully structured, so GDE reading routines were developed.

1.2 OBJECTIVES

1.2.1 General Objective

Perform gear-tooth contact simulations with partially measured or mismeasured

gear data from the spur and helical gears and develop reliable software that commu-

nicates efficiently with the other code structures of the WZL to create a connected

end-to-end pipeline (measurement to simulation).

1.2.2 Specific objectives

• Implement a code capable of numerically recreating gear surfaces using inter-

polation techniques;

• Develop a structured test routine in Fortran and Python, including automated

reading/writing GDE files;

• Validate the interpolation algorithmby running TCA free of load on the ZaKo3D

simulation software.

1.3 OVERVIEW OF THE PROPOSED SOLUTION AND OBTAINED RESULTS

After analyzing the questions, motivations, and objectives raised in section 1.2,

this project is structured into three primary stages: measurement, data reading and pro-

cessing, and simulation, with particular emphasis on the data processing step. The mea-

surement tests were conducted using Kingelnberg p16 with spur, helical, and bevel gears.

The primary objective of this approach is to implement high-performance data

reading routines for GDE files and organize the data in a readable manner for the ZaKo3D

software. To achieve this, the project utilized programming languages such as C and
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Fortran and the LibXML2 library, which was specifically developed for navigating and

reading files in XML format. It’s worth mentioning that the result verification process

involved comparing the input and output files rewritten in GDE.

The gear topography data processing step is essential to overcome any ill-measured

or partially measured gear surfaces. This step involves implementing experiments with

three interpolators fromPython’s scipy.interpolator library: RBFInterpolator, Griddata,

and BSpline. Furthermore, a hyperparameter optimization strategy was added to select

the best interpolator. Visual methods such as heatmaps were used to identify divergence

points between measured and predicted surfaces, which in turn, aided in identifying the

RBF interpolator with optimized parameters as the best solution for the problem.

Finally, the simulation of contact between teeth on ZaKo3D was conducted, and

the recreated gear flank surfaces exhibited the desired characteristics of the original

surfaces but failed to remove all distortions on the face. With the methods implemented

to process gear topographies, simulations of gear behavior can now be performed with

less user input error. This is because the dimensional and topographic data contained

in GDE files are read into the WZL data structure automatically. Additionally, imperfect

CMM measurements can be disregarded, as the interpolation routines can recreate the

surface and then perform more realistic simulations.

1.4 DOCUMENT STRUCTURE

This work is organized as follows.

Chapter 2 presents the technical background on gears, gear measurement, ge-

ar/contact simulation and interpolation techniques.

Chapter 3 describes in greater detail the problem treated in this work along with

the proposed solution.

Chapter 4 presents the implementation of the proposed solution and an analysis

of the obtained results.

Chapter 5 presents the concluding remarks as well as suggestions for future works
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2 THEORETICAL FOUNDATION

In this chapter we introduce the reader to the main concepts and theories neces-

sary to understand in detail the problem, the experiments and the results obtained for

this work. It starts with Section 2.1 presenting a general view of gears, their basic shapes

and mechanical functioning. Section 2.2 discusses the process of gear measurements.

Then, Section 2.3 details the XML language used for describing and storing gear data

and the library used for reading and manipulating such data format. Section 2.4 presents

the steps involved in gear measurements. Finally, Section 2.5 discuss the interpolation

techniques relevant for this work.

2.1 GEAR

A gear is a toothed component that transfers rotation and forces from the drive-

shaft to the driven shaft. They usually operate in pairs, engaging one to transmit or

receive motion from another toothed member. The transmission of torque is by the pres-

sure of the teeth of the pinion on those of the wheel (KLOCKE; BRECHER, C., 2017).

There is many appliances of gears in different areas, as machine tools, gears for control,

vehicle gears, transportation gears, aerospace or marine gears (RADZEVICH, 2016).

The position of the two wheel axes in relation to each other results in different

basic forms of gearbox, which are shown in Figure 1.

In agreement with Klocke and Christian Brecher (2017), the construction and

operation of a gear can be differentiated according to three basic forms:

• Gearbox with parallel axes

• Gearbox with intersecting axes

• Gearbox with crossing axes

In the following sections, we discuss in further details parallel axes gears, con-

sidering the scope of this thesis. The reader can find more details on intersecting and

crossing axes gears in Klocke and Christian Brecher (2017).

2.1.1 Parallel Axis Gears

The simplest types of gear are those that the shafts gear are parallel to each other.

Parallel axis gears transmit power and motion with greater efficiency than any other type

or form of gearing and they are generally easy to manufacture. The most common type

of parallel shaft gear is the spur gear, but there are helical gears, herringbone gears, and

others (RADZEVICH, 2016).
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Figure 1 – Types of gears.

Source: Learn Engineering (2021).

2.1.1.1 Spur Involute Gears

The involute gearing, first presented by Euler, has numerous advantages according

to Litvin and Fuentes (2004):

• The tools for developing the involute gears can be built with high precision;

• It is insensitive to changes in the center distance and it is simple to adjust the

settings of a tool (such as a machine or device) in order to use it with different

types of gears and provide a different center distance;

• Nonstandard involute gears can be generated by using standardized tools ap-

plied for standard gears;

• It presents a good compromise between application behavior and manufac-

turability due to the linear line of action.

From Figure 2, it can be seen the involute curve arises by rolling a straight line

on a determined circle, the so-called base circle db. Also, it is possible to see the line of

action, or Eingriffslinie in German, composed of all points of contact in a straight line. Any

contact point Y runs between points A and E during meshing. Additionally, the normal

of each point on the involute is tangential to the base form circle of the respective wheel.
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The involute spur gears have straight teeth that are formed by the involute curve

of a circle, i.e, the teeth are formed by this curve and are arranged in a straight line

along the gear’s circumference (KLOCKE; BRECHER, C., 2017). Furthermore, conforming

Radzevich (2016), the most common pressure angles used for spur gears are 14.5, 20, and

25.

Figure 2 – Involute gear meshing line.

Wheel

Pinion

Source: Adapted from Klocke and Christian Brecher (2017).

2.1.1.2 Involute Helical Gears

Helical gears have a helix angle b that affects their parameters, and their teeth are

incorporated into the base cylinder at an angle. (KLOCKE; BRECHER, C., 2017). Besides,

the helical gears have a smoother and consequently, quiet action when compared to

spur gear. This is due to the gradual entry of the teeth into the area of meshing. Still, in

contrast, to spur gears, a pair of helical gears have a larger transmitted load, or the life

of the gears may be greater for the same loading. Therefore, they are commonly used

in applications that require high speeds, large power transmission, or noise reduction

(JELASKA, 2012).

Helix angles from only a few degrees up to about 45 are practical. This abatement

of the noise and the growth of load capacity is in general going when the helix angle

increases from zero. Although, at angles, much above 15 to 20, as the transverse tooth

thickness rapidly reduces, the tooth bending power normally starts to decline (RADZE-

VICH, 2016). In Figure 3 there is a representation of a base cylinder containing a tooth

with a helix angle.
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Figure 4 – Tooth geometric quantities.

Source: Stadtfeld (2015).

an equal tooth space pitch means that the gears in a pair must have the same module in

order to be able to mesh with one another (KLOCKE; BRECHER, C., 2017).

Figure 5 – Pitch variables on the gear wheel.

Pitch

Source: Klocke and Christian Brecher (2017).
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line to the center point, with the angle being determined by the profile angle αn. The

profile angle is derived from the reference profile and helps to define the shape of the

gear tooth. It corresponds to the diameter of the gear where the tooth space curve and

the tooth thickness line have the same magnitude.

Other important definitions are the da, db, dFf and dFa diameters, in highlight in

Figure 6. There is a difference between the root diameter and the root form diameters.

The root diameter of a gear refers to the diameter of the gear’s root, which is the bottom-

most point of the tooth’s profile where it meets the gear’s hub. The root form diameter, on

the other hand, refers to the diameter of the reference circle used to generate the gear’s

tooth profile. The root form diameter is typically slightly larger than the root diameter

and is used as a reference when designing and manufacturing gears. As a rule, the tip

pitch circle dFa is identical to the tip diameter da.

2.1.2.1 Contact conditions of cylindrical gears

The meshing of two gears can be described in the meshing field. The meshing

field is the area defined by the tooth width and the pitch or roll angle between the pitch

circle diameters of the two gears. Thus, the meshing field can be regarded as the spatial

extent of the meshing line. For cylindrical spur gears, the meshing field is rectangular. In

the meshing field, the course of the contact lines of several teeth can be traced over a

pitch. In a spatial view, the contact point expands to the contact line, described in Figure

7.

Figure 7 – Contact lines for cylindrical gears in the meshing field and on the tooth flank.

Contact lines in the meshing field

Contact
line

Contact
line

Rolling
path

Rolling
path

Contact lines on the tooth flank

Contact line

Source: Adapted from Klocke and Christian Brecher (2017).

In the left part of Figure 7, the contact lines in the meshing field and the right
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followed by the presentation of the Libxml2 library which is used to read the data within

the XML structure.

2.3.1 XML Format

Juliver (2021) describes that XML itself is a metalanguage to design markup lan-

guages, i.e. text language where semantics and structure are added to the content using

extra markup information enclosed between angle brackets. Thus, XML markup is de-

scribed as very verbose and has redundancy. That means that every end tag must be

supplied; if not, the computer detects errors such as incorrect nesting. HyperTextMarkup

Language (HTML) is the most well-known markup language (W3C, 2021).

The World Wide Web Consortium (W3C, 2021) elucidates that the XML is one

of the most widely-used formats for sharing structured information today between:

• programs;

• people;

• computers and people;

• locally and across networks.

Each instance of an XML tag is called an element and the elements are organized

in a hierarchy. "XML permits nesting of the data to any depth and the number of single

elements per nesting level can be freely defined" (VALENTYN, 2018). The top element is

called the root element and includes all other elements, which are called child elements.

In Figure 16, the root is studentslist, while student is a child and parent, as well.

Furthermore, this work will call parent the element that also has children, such as

student and its children firstName, scores, etc. Besides, using the same example, id is

the attribute from student and 1 is the attribute content.

2.3.1.1 Libxml2

Libxml2 is the XML C parser and toolkit developed for the Gnome project and it is

a free software available under the Massachusetts Institute of Technology (MIT) License.

In agreement with the Gnome community, though the library is written in C, a variety of

language bindings make it available in other environments (WELLNHOFER, 2022). Some

of key points of Libxml2 are:

• Exports Push (progressive) and Pull (blocking) type parser interfaces for both

XML and HTML;

• Does DTD validation at parse time, using a parsed document instance, or with

an arbitrary DTD;

Moreover, one of the great highlights of using Libxml2 is that it allows to navigate

in a tree to print element names, i.e. it provides the ability to parse a file to a tree. Using
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• The transmission errors generated by the misalignment between gear axes;

• The contact route on pinion tooth surfaces;

• Bearing contact as the arrangement of momentary contact ellipses.

The TCA is based on the simulation of the tangency of tooth surfaces in a mesh.

The determination of the instantaneous contact ellipse requires knowledge of the prin-

cipal directions and curvatures of the tooth surfaces that are in tangency. A substantial

simplification for the solution to this problem has been achieved due to the expression of

principal curvatures and directions for the generated surface by the principal curvatures

and directions of the generating tool (LITVIN; FUENTES, 2004).

2.4.1.1 Load-Free Tooth Contact Analysis

The contact geometry that occurs during meshing is defined by manufacturing

error, assembly error and load-induced error. The load-induced deviations consist of

deformation of the teeth, shafts, housings and bearings, while the manufacturing and

assembly-induced deviations result from the load free deviations of these components.

and assembly errors are the load-free errors of these components. Load-free tooth con-

tact analysis is therefore often used to investigate the behaviour of mechanical com-

ponents in situations where there are no external loads, such as when parts are first

assembled or disassembled. There is also the tooth contact analysis under load, which is

based on the contact distance deviation of the load-free tooth contact analysis, but will

not be discussed in detail in this study (HEMMELMANN, 2007).

The results of the load-free tooth contact analysis are the load-free contact pat-

tern, the load-free rotational error, the ease-off, the tooth clearance and the tip clearance.

The Ease-Off method is a concept in gear design that refers to the accumulated contact

distances of a gear pair, which is essential for ensuring error-free meshing. Essentially,

the Ease-Off method provides a means of calculating the deviation in the meshing field,

taking into account all necessary corrections. To elaborate, the Ease-Offmethod is partic-

ularly valuable in ensuring that gear pairs operate with the correct clearance and backlash.

In addition, the method is useful for predicting the load distribution among gear teeth,

which can aid in the selection of appropriate materials for gear construction (BRECHER,

P. D.-I. C.; PROF. DR.-ING. THOMAS BERGS, 2021).

2.4.2 ZaKo3D

ZaKo3D is a Finite Element (FE) based tooth contact analysis program developed

by WZL. It can investigate the tooth mesh of bevel gears, spur gears and face gears.

In addition, simulation with multi-tooth measurement data, tooth contact performance

analysis without load and tooth contact analysis under load are possible. The models can

also be used to analyze the effect of geometric deviations on a full helical gear, calculate
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flank pressure andmany other functions (BRECHER, P. D.-I. C.; PROF. DR.-ING. THOMAS

BERGS, 2021).

Moreover, the program receives files in PKT that contain coordinates and the

normal to the plane at a given point. Because the assignment is done by checking the

normal coordinates of a tooth at an average mesh position.

2.5 INTERPOLATION METHODS

Interpolation is a type of estimation, a method of constructing (finding) new data

points based on the range of a discrete set of known data points. It is particularly useful

when a set of measured data points does not follow awell-definedmathematical function

and it is necessary to obtain an estimate of the value of the function at a point where

the data is not available. (STEFFENSEN, 2006)

In the gear measurement process, interpolation is used to determine gear param-

eters with high accuracy. There are several types of interpolation methods used in gear

measurement, such as spline interpolation, polynomial interpolation, and harmonic inter-

polation. The interpolation method used depends on the type of data being measured

and the level of accuracy required.

Thus, considering the scope for this work, this section discuss in detail three

interpolation methods applied: RBF, BSpline, and Griddata.

2.5.1 Radial Basis Function

The RBF is a method for interpolating multidimensional scattered data (WRIGHT;

FORNBERG, 2003). The tool appears for the first time with Hardy as a new analytical

method using multiquadratic equations of topography that is based on coordinate data

(HARDY, 1971). The concept of RBF is equivalent to fitting a rubber membrane across

the measured sample values, minimizing the total surface curvature (ARCGIS PRO 3.0,

n.d.). Furthermore, how this rubber membrane will fit the values will be determined by

the selected basis function which can be seen in more detail in section 2.5.4.

Accordingly to Skala and Cervenka (2020) meshless interpolations based on RBF

offer several significant advantages, namely:

• RBF interpolation is usable generally for N-dimensional problems;

• RBF interpolation is smooth by a definition;

• It is suitable for the interpolation of scattered data, including the interpolation

of time-dispersed data as well;

• RBF interpolation can be applied to interpolate scalar and vector fields and

visualize both.
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However, there are some limitations and weaknesses associated with RBF in-

terpolation methods in general, such as memory usage and computational complexity.

According to Skala and Cervenka (2020), in terms of memory it requires O(n2) memory

space when n points are provided. In terms of computation complexity it may reach

O(n3).

2.5.1.1 RBF Theory Background

The RBF is aΦ function whose value depends on the distance between the input

x and a point that can be either the origin:

Φ(x) = ϕ(∥x∥), (5)

or another fixed point x0 called center,

Φ(x) = ϕ(∥x ś x0∥), (6)

where x0 ∈ Rd.

Unless otherwise indicated, we used the euclidean norm

∥x∥2 =
√

x2
1 + ... + x2

d. (7)

2.5.2 Interpolation

TheΦ(x) scalar function is defined for an arbitrary sized variable x and represents

a transformation Rn → R,

Φ(x) =
N
∑

i=1

γi · ϕ(∥x ś x0∥). (8)

At a given point x the value of the RBF is obtained accumulating the interactions

with all source points x0 gained computing the radial distance between x and each x0i

processed by the radial function Φ, then the transformation is multiplied by the weight

γi (BIANCOLINI, 2017b).

2.5.3 Improving condition by adding a polynomial

The idea of add a polynomial term is widely used (SOMMER, n.d.), especially

due to some stability issues, usually a polynomial Pk(x) of a degree k is added (SKALA;

CERVENKA, 2020). However, some conditions must be satisfied, for example, the degree

of the polynomial must be chosen depending on the type of radial function adopted

(BIANCOLINI, 2017a). A good reference in which a table of polynomial augmentations

is collected is reported in Boyd and Gildersleeve (2011).
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Φ(x) =
N
∑

i=1

γi ·Φ(∥x ś x0∥) + Pk(xi). (9)

The radial basis fit exists if the weights γ and the coefficients of the polynomial

can be found such that the desired function values gs are obtained at source points,

described as:

S(x0i) = g0i, 1 ≤ i ≤ N. (10)

Additionally, an unique interpolant exists, or the linear system has a unique solu-

tion, if the basis function is a conditionally positive definite function (MONGILLO, 2011).

This implicate, for example that it is possible use a linear polynomial when the basis

function are conditionally positive definite of order m ≤ 2.

2.5.4 Radial functions

The behavior of the function between points (interpolation) or outside the dataset

(extrapolation) depends on the radial function used. According to Biancolini (2017a), there

are two families of radial functions, the compact supported and the global supported. The

first one is usedwhen don’t is expected interaction between distance points.While global

support is used when all cloud points interact with themselves. Despite the problem

being difficult, due to a densely populated matrix, it can reach high accuracies, which

culminated in the choice of this category for this work. Table 1 can be visualized some

common radial basis functions.

Table 1 – Common radial functions

Name Definition

Thin plane spline r2 · log(r)

Cubic r3

Quintic śr5

Multiquadratic ś
√

(1 + r2)

Inverse multiquadratic 1√
(1+r2)

Gaussian eśr2

Another way to improve the condition is using a variable shape parameter ϵ on a

basis radial. The shape parameter that scales the input to the RBF, i.e., setting a specified

shape parameter will consequently span acrossmany nodes of one basis function and few

in another basis. Therefore, each basis function may have a different shape parameter

that needs local density measurement to usefully define that parameter (SOMMER, n.d.).
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2.5.5 BSpline

B-splines are a mathematical tool for representing curves and surfaces in com-

puter graphics, image processing and computer-aided design. B-splines are defined as

piecewise polynomials of degree k that are continuously differentiable at all interior

nodes and have a compact support (PIEGL; TILLER, 1995).

B-splines have many advantages over other curve representation methods. These

include their ability to handle arbitrary shapes and their computational efficiency. They

are also widely used for interpolation, approximation and smoothing of data (LAI; SCHU-

MAKER, 2007).

In summary, B-splines are a powerful tool for representing curves and surfaces,

and their efficient computational algorithms and widespread use in various applications

make them a valuable technique in computer science and related fields.

2.5.6 Griddata

In computational mathematics and computer graphics, the grid-data algorithm is

a common interpolation technique. It takes a set of discrete data points on a regular or

irregular grid and creates a continuous function.

The grid-data algorithm uses a variety of techniques to interpolate the data. These

include linear interpolation, nearest neighbor interpolation and cubic interpolation. These

techniques are used to estimate the values of data points at locations where data is not

available. The resulting function can be used to generate smooth curves or surfaces

through the original data points (SCIPY, 2021).

Several modifications and extensions of the griddata algorithm have been pro-

posed to improve its accuracy and performance, including adaptive interpolation, non-

parametric regression, and parallel computing. These techniques can be used to handle

larger and more complex data sets and improve the accuracy of the interpolation results.
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3 PROBLEM DESCRIPTION AND PROPOSED SOLUTION

This chapter introduces the problem for this work, including its context and sig-

nificance. Furthermore, the proposed solution to this problem is presented.

3.1 CONTEXT AND PROBLEM DEFINITION

Standardisation enables efficient communication among machines, software, and

users, minimizing errors. Nevertheless, the absence of a universal gear data transfer for-

mat remains a challenge. However, the GDE format is a notable exception in this domain.

Being an open format, GDE is non-proprietary and can be supported by any software

program. This feature enhances interoperability among various software applications,

reducing the need for data conversion. Moreover, due to its efficiency and robustness,

GDE permits the electronic transfer of toothing data from the Design department to

Production and Quality Assurance (AG, 2019).

On the other hand, permitting the use of different file formats, which can store

varying contents of gears, expands the possibility of utilizing more applications. In this

context, the WZL Gear Technology Team is devising a code to execute conversions

between different file types containing gear data stored in formats such as General Ex-

change Format (PKT), GDE, and MKA. Additionally, the institute has developed the WZL

Gear Toolbox, a software tool that features several other tools, including gear hobbing

simulation, gear geometry generation, and TCA. One of these tools, ZaKo3D, uses TCA

to examine the tooth mesh by receiving point clouds and normal vectors from files with

the PKT format. It is noteworthy that the PKT format is the institute’s standard format

for importing data into the program.

However, there are a number of other aspects to consider when moving from

measurement to simulation, many of which are not directly related to gears and gearing,

such as:

• Measurement instrument errors due to inaccuracies in the measurement in-

struments used tomeasure the gears, such as errors inmeasurement resolution

or precision;

• Environmental conditions as ambient temperature, humidity, and dust, can

affect the measurements and make them unreliable;

• Incomplete tooth measurements.

Although the accuracy of CMMs has been continuously optimised and improved

over the past decades, the positional errors of 3D measurement points are inevitably

affected by machine geometric errors (LIN, H. et al., 2020). Thus, the influence of CMM

errors on 3D gear measurements is becoming an open and challenging issue. There is

also the problem of incomplete tooth measurements. Firstly, it’s generally only possible
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Figure 22 – Elements.

(a) Planet gear. (b) Workpiece fixture via three-jaw chuck (motorized).

Source: Adapted from Klingelnberg (2022a).

actual topography. A structured Fortran code is devolved around making conversions

between formats, MKA → PKT → GDE. And the inverse approach, converting GDE to

PKT or MKA files, starts with reading the GDE file.

4.2 PROGRAMMING LANGUAGES

The choice of programming languages used for each part of the project was think-

ing for attempting the system requirements. Hence, Fortran was used to implement the

GDE read routine. Also, conversions between file formats and the creation of coordinate

normals point happened in Fortran. The reason for still using Fortran is the comprehensive

code repository of theWZLGear Department. In addition, Fortran has High-Performance

Computing (HPC), of which large-scale numerical simulation is a subset and easily han-

dled with arrays (ELTON, n.d.). On the other hand, Fortran had no library for a grip with

XML structure. Therefore, the best option was the C language, given its interoperability

with Fortran and the Libxml2 toolkit (BEHNEL et al., 2005).

To create the interpolation algorithm Python was used, since it has an extensive

assortment of libraries and one of them is Scipy, a collection of powerful mathematical

algorithms. There are several general facilities available in SciPy for interpolation and

smoothing of data in one, two, and higher dimensions for structured and unstructured

data as well (SCIPY, 2023).

4.3 GDE ROUTINE

The routine for handling GDE files is divided into two main parts: Fortran and C

implementations. In addition, the routine has subroutines for organising the data read
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Figure 26 – Simplified flow exchange C - Fortran.
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Source: Author (2022).

The flowchart in Figure 27, shows the process of a GDE reading routine in the

language C part. The nodechildren is node/element with children. In this context, it is

understood the function has several input arguments:

• parent: the parent XML element to start the search from;

• child: the element that the function is looking for;

• second_property: the secondary property of the element;

• attribute1, attributecontent1, attribute2, attributecontent2, attribute3 and at-

tributecontent3: the attribute name and content that the function is looking

for. There are up to three possible attribute name and content pairs that the

function can search for;

• mydocpointer: a pointer to the XML document;

• value_elem: a buffer for the element value;

• value_nodeX, value_nodeY, value_nodeZ, value_nodeNX, value_nodeNY and value_nodeNZ:

buffers for the values of the element’s child nodes, if any;

• n: a pointer to the number of nominal point sets in the current iteration (current

profile line);

• cont: a pointer to the number of nominal point set elements in the right or left

flank (number of profile lines per flank).
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Figure 27 – Simplified flowchart reading GDE routine.
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Source: Author (2022).

The function starts by initializing some variables and an array that contains the

attribute name and content. It then converts the parent string to a C-style string and

creates an XPath expression that looks for all the elements with the name parent.

Next, the function uses libxml2 to evaluate the XPath expression and retrieve

the resulting nodeset, which contains all the elements that match the XPath expression.

It then loops over the nodeset to find the child element, which is the element that the

function is looking for.

If the child element is found, the function then loops over the attribute_array

to find if the attribute matches with the current attribute name stored on XML. If the

attribute is found, the function then checks if the content of the attribute matches one

the attribute content strings.

If both, the attribute and its content match, the function extracts the values of the
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element and its child nodes, if any, and stores them in the respective output buffers. The

function also updates the n and cont variables based on the number of nominal point sets

and nominal point set elements found. When the element has more then one element,

each coordinate value_nodeX, value_nodeY, value_nodeZ and its corresponding normal

lines,value_nodeNX, value_nodeNY, and value_nodeNZ are returned. It is worth pointing

out that all of them are element siblings.

Since the GDE file is easily editable by users, inconsistencies can occur in the data.

Also, the input to the simulation software is by profile lines. In view of an appropriate

input into the software, the data sorting algorithm was created.

4.4 SORTING ROUTINE

The objective of a sorting routine was to guarantee that the data read from GDE

routine are sorted by profile lines to be inserted on ZaKo3D software. This algorithm

is a subroutine called sort that takes six input arrays (columnx, columny, columnz,

columnNx, columnNy, columnNz) and outputs a sorted matrix new_matrix. The algorithm

is intended for use with straight and helical gears, and works by taking a set of points

in 3D space that define the geometry of a gear and ordering them along the profile and

flank lines of a gear.

For the algorithm to work properly, two requirements must be met:

• Profile lines with the same number of flank lines;

• The same profile line must have the same z values.

The algorithm first sorts the input points according to their x, y, and z coordinates

using a subroutine called ascending_sort. The sorted points are then stored in a matrix

A with six columns, where each row contains the x, y, z, Nx, Ny, and Nz values for a

single point. The algorithm flowchart is shown in Figure 28.
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Scipy BSpline library was used. Other interpolator structures were also considered,

but due to their minimal prominence in articles or because they are only branches of

the same interpolator family studied in this paper, they were removed. These include

the RegularGridInterpolator and the CloughTocher2DInterpolator (YANG, R.; XING,

2021).

At this initial stage, the aimwas to understand howwell each library would interpo-

late the input coordinates. One way of doing this was to analyse the residuals, as shown

in Figure 32, with the representation of a heat map. The color-coded values represent

the discrepancy in millimeters between the measured x-values and the corresponding

predicted x-values obtained from each of the interpolators, indicating the magnitude of

the error in the x-coordinate. On the abscissa axis is the z, which indicates the tooth

width, and on the ordinate axis is the y, which indicates its height.

In 32a is the interpolation using scipy.interpolate.bisplrep, a function from

the SciPy library. It computes a B-spline representation of a given set of data points based

on the SURFIT routine of FITPACK. In 32b is the representation using the RBF interpo-

lator (scipy.interpolate.RBFInterpolator) and in 32c is the heat map obtained using

Griddata (scipy.interpolate.griddata). It is important to note that the linear transfor-

mation was used for this first comparison because it is less complex and is available for all

the interpolators tested. Furthermore, the interpolation is in x direction (the coordinate

system can be seen in Figure 31).

Table 4 gives a summary of the other parameters used.

Table 4 – Model selection

Name Kernel Smoothing Epsilon

Bivariate Spline (bisplrep) Bilinear 0 Not applicable
RBF Linear 0 1

Gridata Linear Not applicable Not applicable

In the case of the B-spline, the default parameter, a bicubic spline (kx=ky=1), in-

dicates that the spline orders in the x- and y-directions can be specified by means of

the optional parameters kx and ky. Furthermore, no smoothing was desired (s = 0), in

contrast to the griddata where there are no smoothing parameters.

4.5.1.2 Choosing parameters

The RBFinterpolator algorithm has some parameters that can be associated with

improved performance, depending on the application. Therefore, the smoothing, epsilon,

and kernel parameters were changed for this study, as shown in Table 5.

The choice of epsilon values was based on the author’s study. In general, larger

errors are associated with orders less than 10ś1 and greater than 101; however, the small-

est error is not found at ϵ = 0 (MONGILLO, 2011). On the other hand, the smoothing
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the problem using performance metrics. The metrics used were Root Mean Square Error

(RMSE) and Maximum Absolute Error (MaxAE). RMSE was chosen because it provides

a measure of the average error in terms of the unit of measurement of the variable of

interest. While MaxAE gives an idea of the maximum error size to identify cases where

the model fails to predict extreme values. The latter is interesting as the vast majority

of the data is predicted well, but points close to the surface boundary are mispredicted.

Table 6 shows the top 5 models based on the values obtained for both metrics.

Table 6 – Performance Metrics - RBFInterpolator

RMSE MaxAE Kernel Smoothing Epsilon

0.000078 0.007357 Thin plate spline 0.1 5
0.000084 0.007947 Linear 0.1 5
0.000105 0.007313 Cubic 0.1 5
0.000117 0.006103 Quintic 0.1 5
0.000153 0.006843 Quintic 1.0 5

However, this initial verification is not sufficient to determine which interpolator

produces the best interpolated surfaces, so it was necessary to conduct a visual analysis

of the points, studying the behaviour of each parameter separately and where the largest

errors are located.

Figure 33 shows the three best kernels found for this problem, thin_plate_spline,

cubic and quintic. The values of s = 1 and ϵ = 1 were kept constant for comparison. In

general, the kernel affects the performance of the RBF interpolator because it determines

how the data is used tomake predictions. It can be seen that quintic and cubic are smooth

and have a compact support, which means that they only have a significant effect on the

interpolated values for data points that are close to the target point. For this reason, the

cubic kernel in particular is a good choice to produce an interpolated surface that is both

smooth and able to capture non-linear relationships in the data.
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The interpolator is then used to find the value of x, using the input values of y and

z. Finally, an optimised function is used to estimate the correct value of ymax and ymin.

The Secant function from the scipy.optimize library was used, see the documentation

for more details (SCIPY, n.d.).

4.5.3 File writing

Using the user-defined grid, the interpolator is then applied to this new set of

values and a new flank surface is created. The same process is repeated for each flank

(right, left) and for all the teeth contained in the gear. Finally, the last stage is to write

the new point cloud to a GDE file. This is done by calling a second Python function and

entering all the basic geometric information as well as the new topography of the gear

flank.

Then, within theWZL data structure, the Geometry Converter programme is used

to convert the file written in GDE format to PKT format. In addition, the files in PKT

format also store the normals of each point, so another class is called to calculate the

normals (see more in section 2.4.2). In this way, the converter creates several files in PKT

format, the number of files created depending on the number of teeth stored in the GDE

file. Afterwards, all these files are used as input for the ZaKo3D software.

4.6 PREPARING THE TOOTH CONTACT SIMULATION

To perform tooth contact analysis without loads in ZaKo3D requires a few inputs.

These include point cloud files for the pinion and the wheel, which can be in the form of

.PKT files for as many teeth as desired, as well as the base diameter for both gears. The

base diameter can be found in the PDF document generated by the measuring machine,

and the axial distance must also be provided. Once this information is entered, the user

can select the number of pitches to be simulated and the number of rolling positions per

pitch.

4.7 RESULTS ANALYSIS

4.7.1 GDE reading routine

Within the context of creating a generic algorithm, in the sense of returning an

accurate result for different input gear models and types, 6 models within the selected

types were tested, summarised in Table 7. It also read GDE files containing a different

number of points in each profile line and the number of profile lines per flank (right and

left). The routine correctly imputed all topographic and basic geometry data into the

Institute’s code library for all gear types tested.
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Table 7 – Gear types

Type No of teeth Noof profile lines Noof flank lines

Planet Gap 16 37 41
Planet Tooth 16 37 41
Pinion Gap 21 29 33
Pinion Tooth 21 29 33
Bevel Pinion 11 21 21
Bevel Wheel 39 21 21

4.7.1.1 Sorting routine

In the sorting routine, two steps were carried out prior to the reading of the file.

These are:

• Conversion of the file from GDE to PKT format using Geometry Converter

software;

• Data randomization using Matlab software.

The conversion of the files to PKT format was necessary because of the support

implemented in Matlab for reading files of this type. Finally, the GDE file was read using

the function developed and then the function that allowed the ordering of the profile

lines in the dataset was called. This method allowed us to compare the original files with

the ordered ones.

After carrying out the tests it was noticed that the algorithm performed correct

reading and sorting for spur and helical gears, then, the answer was valid for 4/6 of the

selected gears. The reason for this was that there were inconsistencies in finding the

next point for bevel gears, resulting in an uneven list. The cause is found in the variations

of the Z-values that corroborate the increased complexity of the problem.

However, overall, this algorithm provides an efficient and accurate way to sort

points in 3D space for use in gear design and simulation.

4.7.2 Interpolation

To better understand the results of automation, the example of the Spur Gear

(SG) pinion is described in detail. For this case, 1, 612, 800 topographic measurements

(576 points per flank, along 50 profiles in 28 teeth) must be read from the MKA file, with

other essential geometric information. In addition to these 1, 612, 800 points, thousands

more are generated internally in the Fortran library to create the root surface. The entire

topography is then written to the GDE file and re-read in the Python program to recreate

the new topography.

Hence the two interpolators chosen to recreate the surfacewere RBF (kernel=cubic,

smoothing=1, epsilon=1) and griddata (kernel=cubic) as the latter is only an interpo-
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Figure 38 – 3D topographies

(a) Pinion (b) Wheel

Source: Author (2023).

lator and has no smoothing options. However, in spite of the good fit of the Griddata

to the data as an interpolator in the initial tests carried out in the section 4.5.1.1, some

points had non-numerical values (NaN). This could lead to a singular or ill-conditioned

matrix generated by the interpolator, but future tests should be carried out. Thus, it was

not possible to proceed with the Griddata.

Therefore, the RBF interpolatorwas successfully applied to a point cloud of 70,000

points distributed in 50 points per flank along 50 profile lines in 28 teeth, removing

the root form diameter. The generation of new topographies for all teeth took ap-

proximately 3 hours and 30 minutes, with an average of approximately 7 minutes per

tooth due to the large number of points calculated by the interpolator. The tests were

performed on a Windows 10 64-bit computer with an Intel(R) Core(TM) i7-8700 CPU

running at 3.20 GHz (up to 4.6 GHz) and 16.0 GB of RAM.

4.7.3 Simulation

For a simulation in the Zako3D software, the SG pinion values were read and a

completely new gear topography was created. This has the same basic geometry as the

first and is shown in Figure 38. The second component selected for meshing was the

wheel, a spur gear with 47 teeth and a diameter of 132.4966 mm. The 3D topographies

generated by the software for both gears are illustrated in Figure 38.

Furthermore, as the points below the root form diameter were not recreated

in this investigation, due to the balance between the complexity required and the time

available, only the tooth contact analyses free of load were performed, which does not

require the points below the root form diameter to perform the calculations.
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4.7.3.1 Load free Tooth Contact Analysis

The ease-off, contact pattern and transmission error for multi-tooth and single-

tooth meshes have been calculated, but the ease-off already gives an indication of the

meshing result, and therefore whether the interpolated surface has been able to recreate

the gear topography with confidence. Figure 39a shows the ease-off obtained with the

original measured topography converted directly from MKA to PKT format, and Figure

39b shows the ease-off obtained with the topography recreated by interpolation. It can

be seen that the reconstructed topography has the same curvature as the original and a

slight softening in relation with 39a distortions, but still contains them.

This observation leads one to believe that an increase in smoothing can lead to the

total destruction of the deviations, although it has been observed in section 4.5.1.2 that

as the smoothing increases, the surface begins to exhibit anomalous upward behaviour.
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Figure 39 – Ease-off

(a) Original

(b) Recreated

Source: Author (2023).
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5 CONCLUSION

This chapter presents the final considerations and concluding remarks on the

presented work. Section 5.1 summarizes the achievements, and Section 5.2 provides a

future perspective of the developed project.

5.1 FINAL REMARKS

This work aimed at developing methods for the automated processing of gear

topographies as an enabler for virtual and end of line tests. This approach is divided into

threemacro processes: measurement, data reading and processing, and finally, simulation.

Thus, an end-to-end pipeline to simulate tooth contact analyses with partially and ill-

measured surfaces was developed.

First, the topography of gear was captured through measurements successfully

performed on the Kilgenberg p16. The contribution for the second macro step was the

construction of a reading GDE routine for reading GDE files. This routine is inserted into

theWZL Kernels, part of the data structure algorithm. The same data structure is capable

of doing conversions between different file formats and sorting the input data for other

applications. The sorting allows applications like ZaKo3D to receive the data in readable

form for the correct calculation of the simulations.

It is important to note that GDE files contain all the topological information and

dimensional characteristics of a part. Therefore, reading files in this format is essential to

manipulate gear data in a fast, integrated way and with fewer input errors. Hence, once

the developed algorithm correctly read the input data of cylindrical gears with different

attributes, it was shown to be robust and generic in this process.

During the data processing, the second contributionwas the creation of algorithms

capable of reconstructing the gear flank surfaces through interpolation and extrapolation

methods in order to reduce deviations in them. The solution involved the study of inter-

polator models and the optimisation of hyperparameters. In this way, it was verified that

the RBF presented a better ability to fit the data than the BSpline, applying the Absolute

Error (AE) metric between the original values and the predicted ones. In addition, the

Griddata interpolator also performed satisfactorily for interpolations, but without the

possibility of extrapolation.

The use of interpolators proved to be efficient for the interpolation of gear flank

surfaces. Through the ease-off calculation performed in ZaKo3D software, the surfaces

showed the same behaviour as the original surface in terms of curvature and tendency.

However, the surfaces still exhibited the original deformations to a lesser extent. It is

worth noting that these deformations are quite small, in the order of microns, which

highlights the complexity of the problem. In view of this, other smoothing values in the

order of hundreds were explored in order to reduce the deviations. However, a heat map
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was used to check the magnitude of the residuals, which indicated an undesirable point

of distortion.

Additionally the interpolation aspects, the algorithm is adaptable and modular,

allowing for the creation of extrapolated surfaces with aminimumof user input. However,

due to the tight timeline of the project, this step was not taken. Studies using only

interpolators can still be improved. In the RBF interpolator, options such as "neighbors"

can be executed. This option could reduce the fitting time of the interpolation, as not all

of the thousands of points are used. In addition, adapting the sorting routine for bevel

gears could increase the ability of the algorithm to be generic.

In conclusion, this work has achieved the proposed tasks of building an end-to-

end pipeline to simulate tooth contact analysis, which can reduce the time spent on

measurement and data exchange, as well as minimise errors in the process. As a result

of this project, other projects within the WZL Institute dealing with data in GDE format

are progressing as well.

5.2 OUTLOOK

As a future perspective of the presented work and possible improvements to the

developed process, one could suggest:

• Investigate other libraries in Python that implement Spline interpolation;

• Perform extrapolations from partially measured areas;

• Implementing routines to enable interoperability between Python and For-

tran, so that the re-created data is entered directly into the Fortran structure,

allowing greater efficiency in the final build time;

• Convert this data pre-processing step, with certain improvements, into an

internal software available in the Gear ToolBox to carry out the TCA with

confidence.
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