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Introduction

Knowledge is power (Scientia potestas est) —Francis Bacon (1561-1626)

Historical Background

Gears and gear drives have a long-lasting history of evolution. Cog wheels evolved
to a high precision involute gear capable of transmitting a huge amount of power at
high rotations.

Present-day gear designs are based on the latest accomplishments in the theory of
gearing. Ultimately, these yield a very high predictability of the designed gear-sets.

Novikov/conformal and high-conformal gearing represent a special and relatively
new kind of gearing. Gearing of this kind features a high-power-density gearing —
this is a present-day trend of in the gear design and production.

Invented in the mead of 1950s, gears of this design features “convex-to-concave”
contact between the tooth flanks of a gear and a mating pinion. Favorable tooth
contact of this kind enables favorable stress distribution at contact points of the tooth
flanks.

Despite of enormous amount of the research in the field has been carried out in the
past, the gear science and gear practice have been further evolved in the recent
decades.

Uniqueness of This Publication

This book is an invaluable source of information on the Novikov/conformal and
high-conformal gearing. Involute gears of conventional design are also considered
here. Gear experts all around the world have contributed their latest accomplish-
ments in the field of gearing.
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viii Introduction

The main features of Novikov/conformal and high-conformal gearing are covered
in this volume. This includes but is not limited to the specific design parameters of
gears of this particular design: Novikov boundary circle, one (or two) straight
pseudo-lines of action, pseudo-path of contact, instantaneous lines of action, and
so forth.

Intended Audience

High-power density (or, in other words, high power-to-mass ratio) is a key feature of
Novikov/conformal gearing, especially of high-conformal gearing. Therefore, gear
experts those involved in the design, production, inspection, and in application of
advanced design of gear transmissions are among those whom this book is addressed
to. Most of gear engineers and gear researchers from the industry, as well as graduate
students, will be benefited by the book.

Organization of This Book

This book is composed of eleven chapters. The list of the chapters, along with a brief
description of each chapter, can be found out immediately below. Also, several
appendices are appended at the end of the book.

Chapter 1: Titled as “Novikov Gearing Is a Kind of Involute Gearing,” this
chapter is contributed by Prof. Stephen P. Radzevich (USA).

This chapter of the book deals with Novikov gearing. Nowadays, gearing of this
kind is commonly referred to as Novikov/conformal gearing. If properly designed,
manufactured, and applied, Novikov gearing features the higher power density
compared to that in conventional involute gearing of a similar size. Therefore, the
usage of Novikov gearing allows for transmitting more power by means of gearboxes
of a smaller size. An increase of the power density is one of the strategic trends of
evolution in the gear industry.

A brief historical overview of Novikov gearing is presented in this chapter of the
book. It is shown that Novikov gearing is a reduced case of involute gearing. The
concept of the boundary Novikov circle (introduced by the author, and referred to as
the boundary N-circle, for simplicity) enables one clear analysis of the geometry and
kinematics of Novikov gearing. The necessary and sufficient conditions for perfect
operation of the conformal gearing (i.e., Novikov gearing) and high-conformal
gearing are outlined. Use of the concept of reversibly enveloping surfaces (or just
R.—surfaces, for simplicity) makes it possible to state that neither Novikov gearing
(more generally) nor high-conformal gearing can be finish-machined in continuous-
indexing machining process; that is, the gears cannot be finish-cut by hobs, by
shapers and rack-cutters, by worm grinding wheel, and so forth.
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Chapter 2: Titled as “Meshing Theory for Abnormal Novikov Helical Gears,” this
chapter is contributed by Prof. Yaping Zhao and by Siyu Liu (both of China).

The Novikov gear in the traditional sense is enveloped by a rack-cutter with an arc
tooth profile, and the tooth surface of the gear is very complex. This chapter presents
a new type of circular arc gear drive with circular tooth profile in the normal section.
The gear is designed as a new gear whose normal section is arc-shaped, and the tooth
surface equation of the arc-shaped gear is established by the spherical vector
function. The tooth profile is relatively simple.

Based on the transmission ratio condition, the augmented contact equations are
written to determine the datum point where the transmission ratio error is zero. The
instantaneous contact points are determined by solving nonlinear equations
established in the light of common point and common normal conditions, also
known as improved TCA method. The tooth width condition is used to determine
the endpoints of the contact paths of two tooth surfaces, and the internal contact
points are obtained. The calculation formula of relative principal curvature is also
derived.

The numerical cases show that the gears proposed are instantaneously in point
contact, tooth surface meshing belongs to point contact, and the contact trace is
roughly along the direction of tooth length. The gear pair can accomplish constant
ratio transmission, and its velocity ratio can completely be equal to the nominal
transmitting ratio.

Chapter 3: Titled as “Helical Bevel Novikov Gears,” this chapter is contributed
by Dr. Michat Batsch (Poland).

This chapter presents a mathematical model of convexo-concave helical bevel
Novikov gear meshing. A topological modification of this kind of gearing was
introduced. Results of tooth contact analyses aiming at the determination of the
effect of gear parameters on contact pattern and transmission error were presented. In
addition, a comparison between the Novikov gear and a conventional spiral bevel
gear generated with the aid of the duplex helical method was provided. It was found
that the Novikov gear displayed larger instantaneous contact pattern than the
conventional one.

Chapter 4: Titled as “Hyperboloidal-Type Normal Circular-Arc Gearing,” this
chapter is contributed by Dr. Houjun Chen, Zhilan Ju, Xiaoping Zhang, and Chang
Qu (all of China). Discussed in this chapter hyperboloidal-type normal circular-arc
gearing (HNCGing) is a latest development of Novikov gearing to transmit the
motion and power between two orthogonally crossed axes. The basic principle of
molding-surface conjugation, which represents the kinematics and the geometry of
conjugation by a pair of directrices of conjugate surfaces rather than the conjugate
surfaces themselves, was presented, and both the conditional equation of conjuga-
tion and the structural condition of conjugation were established to provide a
theoretical foundation for constructing novel types of gearings. The generation of
the pinion and the mating gear in HNCGing was analyzed, mathematical models of
conjugate tooth surfaces were established, and the induced curvature characteristics
of conjugate surfaces were explored. This helps people get ready to acquire the
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relationship of design parameters, calculate the Hertzian contact between the two
mating teeth, and carry out the interfere-free tool-path programming for NC machin-
ing of tooth surface. In order to meet the needs of digital manufacturing, an
integrated manufacturing software system of HNCGing was developed, which
connects computer-aided design, computer-aided manufacturing, and computer-
aided engineering in a single application platform. This software system supports
three-dimensional modeling, adaptive tool-path programming for five-axis forming
milling of tooth surface, and simulation of meshing and contact for the tooth contact
analysis.

Chapter 5: Titled as “Modern Methods of Estimating and Increasing of the Load-
Bearing Capacity of Novikov Gearing,” this chapter is contributed by Dr. Viktor
I. Korotkin (Russia). The use of Novikov gearing with teeth of different hardness for
various purposes is considered.

For gearboxes of general machine-building application, variants of transmissions
with hardened teeth are offered, for which a special basic profile has been developed,
which is part of the state standard.

A fundamental approach to solving the problem of determining the main param-
eters for calculating the strength of these gears, consisting of two stages, is
presented:

(a) Determination of both the main bending, contact stresses and stiffness of the
teeth, and the phase, taking into account the coefficients of influence of the ends
of the gear rim

(b) Modeling of the process of real multi-pair engagement with finding criterial
stress in dangerous areas of the teeth that determine the load-bearing capacity
and service life of the gearbox

Implementing this approach, generalized results of solving the spatial problem of
the stress-strain state of the teeth at any position of the contact pad along their length
are obtained, and the way of obtaining partial forces at the contact sites and criterial
stress are indicated. An engineering method for calculating the strength of Novikov
gearing is proposed, on the basis of which gearboxes of general mechanical engi-
neering with high-hard Novikov gears of relatively low degrees of accuracy are
created. This made it possible to replace high-precision expensive involute gearing
on the strained output stages of the gearboxes with less time-consuming in the
manufacture hardened Novikov gearing of coarser degrees of accuracy and reduce
the specific gravity of the gearbox by 1.5 times compared to the involute analogues.
Preliminary calculations of the created promising hardened high-precision Novikov
gearing are given, and their significant advantage in comparison with involute
analogues is shown.

Known designs of modified Novikov gears with longitudinal modification of the
working surfaces of thermally improved teeth of drive gearboxes of widely used for
are oil pumping units described.

On the example of one of the models of the gearbox, it is shown that the use of the
proposed longitudinal modification of the working surfaces of the teeth in combi-
nation with an increase in the gear module provides a significant impact on reducing
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contact and bending stresses as well as increasing the load-bearing capacity and
service life of the gearbox compared to the serial version produced by the domestic
industry. The achieved effect at different stages of the gearbox is to reduce the stress
of the teeth — from 1.75 to 2.54 times, increase the load-bearing capacity of the
gearbox — from 2.81 to 4.1 times, and increase the service life of the gearbox — by an
order of magnitude.

Chapter 6: Titled as “Some Features of the Contact Strength of Novikov Gear-
ing,” this chapter is contributed by Dr. Viktor 1. Korotkin and by Nikolay
P. Onishkov (both of Russia).

It is known that Novikov gears were created as having high contact strength,
which is mainly confirmed by the practice of their testing and operation. This allows
in many cases to replace involute analogues, which are often destroyed due to
progressive pitting of the working surfaces of the teeth.

Studies in recent years have shown that in some cases, with some geometric
parameters of the basic profile and gearing, breakdowns and chips of the teeth occur,
the type of which does not correspond to the classical picture of fatigue fractures.
Moreover, such destruction is observed also in the area of the tooth heads, where the
bending moments are insignificant. In addition, with the increase in tension at the
border of the contact pad, especially in materials with reduced plastic properties,
there are also radial microcracks that do not close when the load is removed and
grow with repeated, even insignificant, stresses.

The flat nature of the destruction assumed the possibility of inadmissible shear
stresses at the boundaries of local contact areas.

This assumption was tested with the involvement of the well-established
Lebedev-Pisarenko criterion about the limit state of the material. It has been
established that stress at the border of the contact pad increases with the decrease
in the plastic properties of the material. Thus, in the case of circular contact, the
excess of equivalent stresses according to the Lebedev-Pisarenko criterion at the spot
boundary compared to the center for plastic steels — normalized and thermally
improved — is about 12%, for hardened — up to 20%. In the case of quasi-elliptical
contact, this excess depends on the ellipticity coefficient.

Thus, there is reason to believe that the stresses at the border of the contact pad
may be limiting the working capacity of the transmission, and this requires more
in-depth additional research.

The study of the influence of the state of the surface layers of the material of teeth
on the contact strength allowed to recommend hardness material of teeth not more
58 by Rockwell, preventing the increasing embrittlement of the material, and to
provide for shot blasting for especially stressed gears.

In order to reduce the danger of chips of the teeth occur, it is desirable to porvide
the longitudinal modification of the working surfaces of the teeth, earlier proposed
by us the longitudinal modification of the working surfaces of the teeth.

Chapter 7: Titled as “The Tooth Relieving of Worm Hobs for Cutting Novikov
Gears with Double Lines of Action,” this chapter is contributed by Dr. Aleksander
Sandler (Russia).
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Worm hobs for cutting Novikov gears have the profile of a generating worm,
which varies not only in a radius but also in a sign of curvature. A technique for
relieving tooth flanks of these hobs by disk grinding wheel is developed. It allows for
bringing together grinding and ground profiles in an axial section of the generating
worm as close as possible. A method for calculating setting-ups and profile coordi-
nates of the grinding wheel is given for real production conditions.

Chapter 8: Titled as “Mikhail L. Novikov: The Inventor of Novikov Gear
System,” this chapter is contributed by Prof. Stephen P. Radzevich (USA). The
chapter presents the author’s point of view on the role and contribution of Dr. M.
L. Novikov in the development of a new type of gearing, later called Novikov Gear
System. Brief biographical information about Dr. M.L. Novikov and
Dr. E. Wildhaber, who is often and undeservedly called the co-developer of the
Novikov gearing, is provided. The geometry and kinematics of Novikov gearing,
both, are analyzed, and its fundamental difference from the gearing with a circular
tooth profile previously proposed by Dr. E. Wildhaber is shown. When writing this
text, the aim was to draw the attention of an interested reader to the issue of the
priority of Dr. M.L. Novikov in the development of a new type of gearing. To do this,
we briefly analyze the situation around the Novikov Gear System over 60 years after
it was invented. Possible ways to further improve the Novikov gearing are briefly
outlined.

Discussion of the issue of the priority by Dr. M.L. Novikov in the development of
a new type of gearing, namely, of Novikov Gear System, is currently acquiring
special meaning in connection with the upcoming 110th anniversary (in 2025) from
the birth of the inventor and scientist.

Chapter 9: Titled as “Poor Understanding of the Scientific Theory of Gearing by
the Majority of Gear Scientists and Engineers,” this chapter is contributed by Prof.
Stephen P. Radzevich (USA).

A brief discussion on the Scientific Theory of Gearing is represented in this
chapter of the book. “There is nothing more practical than a good theory,” J.-C.
Maxwell said. It is illustrated the advantage of what kind can be taken from a good
gear theory. It is also shown what troubles gear scientists and engineers are faced
with if ignoring the results obtained in the scientific theory of gearing. A recently
published article (May 2019) in Gear Solutions magazine is taken for this purpose
solely as an illustrative example.

Chapter 10: Titled as “Gear Manufacturing Accuracy Prediction, Control and
Management,” this chapter is contributed by Prof. Mykola E. Terniuk, Dr. Anatolii
V. Kryvosheia, Dr. Oleksandr M. Krasnoshtan, Dr. Pavlo M. Tkach, and Dr. Serhii
V. Lutsky (all of Ukraine).

The modelling of the main conformities of real teeth geometry generation process
is carried out. A method and algorithms for analytical prediction of teeth errors are
developed. A systemic model of real teeth geometry generation process is proposed.
General equations of the real teeth profiles of the machined gears are derived. The
correlation between the increments of coordinates and the rate gear accuracy indi-
cators is established. Direct measurement methods, diagnostics and factorial
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methods, as well as computational-probabilistic and computational-adaptive
methods are proposed for the relative primary error functions values calculation.

Control methods and systems for real teeth geometry generation process are
described. A full set of possible ways of the gear accuracy control is established as
well as the classification of possible ways is made. The error changes analysis, and
the defective part missing riskiness estimation is carried out for various control
systems in relation to element error control, factor methods and for combined
systems.

Technological methods for the accuracy control of gears machining process are
considered as well as general description of the accuracy control methods of gears
machining process is given. The systematization of levels and types of accuracy
regulation is carried out. The possibilities of accuracy regulation at the technological
process level, including the possibility of accuracy control of two — and three-tool
processing methods within gears base surfaces position changes, are revealed. The
process initial parameters influence on the final gear accuracy established. The
analysis of accuracy control at the level of operations and transitions is carried out.
While analyzing, the factors allowing variation were established, and compensatory
methods of adaptive control were considered.

The principles of assurance of gears optimal accuracy according to the given
criteria are formulated.

Chapter 11: Titled as “Elliptical Gear Drives,” this chapter is contributed by
Dr. Boris M. Klebanov (Israel, USA). This chapter is devoted to gears with an
elliptical shape of centrode. The issues of geometry, kinematics, and dynamics of
gear drives with elliptical gears are considered. The method of designing elliptical
gears is proposed, including the dimensioning of centrodes and determination of
module and number of teeth depending on the load, rotational speed, and strength of
the material the gear rim is made of. The text is accompanied by design formulas and
diagrams that make the design process relatively easy and quick. Examples of design
and calculations contribute to better understanding of proposed method.

The appendices are contributed by Prof. Stephen P. Radzevich.

It is likely this book is not free from omissions or mistakes, or that it is as clear
and ambiguous as it should be. If you have any constructive suggestions, please
communicate them to the editors via e-mails: radzevich@usa.com.

Sterling Heights, MI, USA Stephen P. Radzevich
June 1, 2022
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Chapter 1 ®)
Novikov Gearing Is a Kind of Involute S
Gearing

1.1 Introduction

Invented at the beginning of 1950, Novikov gearing has been extensively investi-
gated by both Soviet and Western scientists and engineers. A large body of
published scientific work on Novikov gearing is available in the public domain.
The gearing is successfully used in helicopter transmissions' (see Fig. 1.1) [1, 2] as
well as in other applications.

Despite the several efforts taken to investigate Novikov gearing, numerous key
issues in the gear kinematics and gear geometry are still not clear to the majority of
gear experts all around the world. A lack of understanding of the kinematics and
geometry of Novikov gearing has resulted in confusions and even absurdity in this
relatively narrow area of mechanical engineering. Many scientists and researchers in
the field of gearing still loosely refer to Novikov gearing as Wildhaber—Novikov
gearing, or just W-N gearing, which is completely incorrect and indicates insuffi-
cient training in the theory of gearing, especially the absence of an understanding of
the kinematics and geometry of both Novikov gearing and Wildhaber gearing. In this
chapter, the differences between the two gear systems are clearly outlined. It is
shown that Novikov gearing and Wildhaber gearing must only be considered
separately and that combining the two gear systems in a common system (that is,
W-N gearing) is a huge mistake. Potential improvements to Novikov gearing are
disclosed.

'These gears in Westland Helicopters, Ltd. were finish cut by a “disk-type” grinding wheel.
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S. P. Radzevich, Novikov/Conformal Gearing,
https://doi.org/10.1007/978-3-031-10019-2_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-10019-2_1&domain=pdf
https://doi.org/10.1007/978-3-031-10019-2_1#DOI

2 1 Novikov Gearing Is a Kind of Involute Gearing

Fig. 1.1 A Novikov gear
pair for helicopter
transmission. (Westland
Helicopters, Ltd.)

1.2 Historical Overview

The Novikov gear system was invented in the mid-1950s by Colonel Mikhail
L. Novikov. At that time, M.L. Novikov was a professor at the Zhukovsky Military
Aviation Engineering Academy (MAEA), Moscow, USSR. Dr. Novikov, M.L. was
carrying out extensive research and development of high-power-density gear trans-
mission systems.

Transmission and transformation of rotary motion are the two main purposes of
gearing of all kinds. The axes of the rotation of the driving and driven gears can be
arbitrarily oriented in relation to one another. From this perspective, three kinds of
gearings are commonly distinguished:

+ Parallel-axes gearing (or P,— gearing, for simplicity)
 Intersected-axes gearing (or [,— gearing)
* Crossed-axes gearing (or C,— gearing)

For simplicity, but without loss of generality, the consideration below is limited to
only P,— gearing.

In the past, pin gearing and other primitive kinds of gearings were in use. None of
them is capable of smoothly transmitting an input rotary motion. Born in Switzer-
land, the mathematician and mechanician Leonhard Euler’ proposed involute
gearing — the only kind of parallel-axes gearing that is capable of smoothly

The proposed involute gearing by L. Euler (at around 1760) deserves to be called Euler gearing, or
just Eu—gearing, for simplicity.
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transmitting a uniform rotation from a driving shaft to a driven shaft. This is because
the base pitches of mating gears are equal to one another. Gearing of no other kind is
capable of smoothly transmitting a uniform input rotation. The equality of the base
pitches of a gear and of its mating pinion is observed only in involute gearing.

In external involute parallel-axes gearing, a convex involute tooth profile of the
driving member interacts with a convex involute tooth profile of the driven member.
In other words, external involute P,— gearing features “‘convex-to-convex contact”
of the mating tooth flanks. As the contacting tooth profiles are convex, this imposes a
strong constraint on the bearing capacity of the involute gearing because of high
contact stress. It is highly desirable to replace two convex contacting tooth profiles of
the gear teeth with their convex-to-concave contact. In conventional involute gear-
ing, this is not permissible, as it inevitably entails violation of the three fundamental
laws of gearing [3].

As early as 1956, a breakthrough invention in the realm of gearing was made by
Dr. M.L. Novikov, who proposed a novel kind of gearing [4]. The concept of the
proposed gear system is illustrated in Fig. 1.2 [4]. Later on, Novikov gearing was
investigated in his doctoral thesis [5] and then summarized in a monograph [6].

Boundary Novikov circle

Fig. 1.2 On the concept of Novikov gearing. (After Dr. M.L. Novikov; USSR Pat. No. 109,113,
1956), the boundary Novikov circle of a radius ry was introduced later (~2008) by Prof.
S.P. Radzevich

31t should be mentioned here that the first pair of Novikov gears made out of an aluminum alloy
(a pre-prototype) had been cut on April 25, 1954 by means of a disk-type mill cutter. In all, 15 gear
pairs for testing purposes had been machined in the summer of 1954 by means of a disk-type mill
cutter.
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Below, we do not follow the obsolete approach used by Dr. M.L. Novikov to
design a gear pair of novel design. Instead, the concept of Novikov gearing is
derived on the basis of conventional external parallel-axes involute gearing (Eu—
gearing). Euler gearing is chosen for the derivation, as it has been proven [3, 4] that
the “Novikov gear system” is a reduced case of the “involute gear system.”

1.3 Principal Design Features of Novikov Gearing

For designing a pair of Novikov gears, let us assume that the location and orientation
of the axes of rotation of the driving and driven members of the gear pair to be
designed have been specified and the gear ratio provided. The desirable value of the
transverse pressure angle is also known. With that said, a pair of Novikov gears can
be designed following the routine briefly outlined below.

1.3.1 Gear Vector Diagram of a Novikov Gear Pair

Designing a pair of Novikov gears begins with the construction of a gear vector
diagram of the gear pair to be designed. The rotation vector® of the gear ®, is pointed
along the axis of rotation O, of the gear. The magnitude w, of the rotation vector @,
equals to @, = | @,|. The rotation vector of the mating pinion @, is pointed along the
axis of rotation O, of the pinion. The magnitude w, of the rotation vector ®, is
wp, = | ®p]. The magnitudes w, and ), relate to one another as: u = wy/w,.

The axes of rotation O, and O, are at a certain center distance C. The rotation
vectors @, and ®, form a crossed-axes angle X, thatis: £ = £ (@,; ®,). In the case
of external P,— gearing, the angle ¥ always equals ¥ = 180°.

The principle of inversion of rotations can be implemented in the gear pair to be
designed.

Let us assume that both the axes of the rotations O, and O, are rotated together
with the rotation vector —m,. Because the identity o, + (—®,) = 0 is observed, the
gear becomes stationary under the additional rotation —,. The pinion is rotated
with the rotation: @, = (W, — ®,). The vector of instant rotation ®, of the pinion in
relation to the gear is pointed along the axis of instantaneous rotation, i.e., Pj,. The
gear vector diagrams are discussed in more detail in the study by Radzevich [3].

“It is instructive to remember here that rotations, by nature, are not vectors at all. However, if special
care is taken, then rotations can be treated as vectors.
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1.3.2 Plane of Action in Parallel-Axes Novikov Gearing

The plane of action PA in parallel-axes Novikov gearing is a plane through the axis
of instantaneous rotation Pj,. This plane forms a transverse pressure angle ¢, which
is perpendicular to the plane through the axes of rotation O, and Oy, of the gear and
pinion, respectively. The base diameter of the gear dy, ¢ and that of the pinion d}, , can
be expressed in terms of the pitch radii r, and r,, respectively, of the pitch cylinders
and the transverse pressure angle ¢;:

dy.g =21, COS b, (1.1)
dyp=2rpc08 ¢y (1.2)

Once the base cylinders are determined, the transmission of a rotation from the
driving member to the driven member of the gear pair can be interpreted with the
help of the so-called “equivalent pulley-and-belt transmission” shown in Fig. 1.3.

Either Egs. (1.1) or (1.2) can be used for the derivation of an expression for the
calculation of the base pitch py, in a transverse section of the gear pair:

Pv= Ng = Np (13)

Fig. 1.3 The key elements db
of the principal kinematics -
of parallel-axes gearing

i

Plane of action




6 1 Novikov Gearing Is a Kind of Involute Gearing

Equation (1.3) is valid for parallel-axes gearing that is capable of smoothly
transmitting a rotation.

1.3.3 A Desirable Line of Contact in Parallel-Axes Gearing

The tooth flank of the gear G and that of the pinion P make contact along a desirable
line of contact, i.e., LCq4c, (see Fig. 1.3), or just a line of contact, i.e., LC. The line of
contact LC is a planar curve of a favorable geometry that is entirely located within
the plane of action PA. In Fig. 1.3, the straight-line segment ab is the line of contact.
The tooth flanks G and P of the gear and the mating pinion, respectively, interact
only within the active portion of the plane of action, as shown in Fig. 1.4.

As referred to in Fig. 1.4a, the straight-line segment NN, is the total length of the
plane of action. In reality, the active portion of the plane of action PA is of a shorter
length Z,, (see Fig. 1.4b). In the case of Novikov gearing, the equality Z,, = 0 is
observed.

In involute helical parallel-axes gearing, the desirable line of contact LC between
the tooth flanks of the gear G and the pinion P (one should remember that the tooth
flanks G and © are not yet constructed) is a straight-line segment that forms a base
helix angle y, with the axis of instant rotation Py,.

The total contact ratio m, in the gear pair can be expressed in terms of the
transverse contact ratio m, and the face contact ratio mg:

my=mp + mg (1.4)

where my, = Z,,/py, and mg = F,, tan y,/py,.

The inequality m, > 0 must be observed for any and all parallel-axes gear pairs.

When the base cylinders of diameters d,,, and dy,, rotate, the desirable line of
contact LC travels (together with the plane of action PA) in relation to the reference
systems, one of which is associated with the gear and the other with the pinion. In
such a motion, the tooth flank of the gear G (as well as the tooth flank of the pinion P)
can be interpreted as a family of consecutive positions of the desirable line of contact
in the corresponding reference system.

In the example (see Fig. 1.4b), the active portion ab of the gear tooth profile’ is
shaped in the form of an involute of a circle. The profile ab is specified by the radii of
the outer cylinders of the gear and of the pinion, i.e., 7, , and 7, ;,, respectively. Point
a corresponds to the “start-of-active-profile” point (SAP— point), whereas point
b corresponds to the “end-of-active-profile” point (EAP— point).

5The tooth involute profile is called “involute” because the active portion of the tooth profile is
shaped in the form of an involute of a circle, regardless of whether the actual geometry of the rest of
the gear tooth profile (fillets, bottom lands) is involute.
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For both members of a gear pair — that is, for the gear and the pinion — the radius
Teap Of the EAP— circle can be smaller than the outer radius of the gear r,,
(or smaller than the outer radius of the pinion r, ;,, for example) due to chamfering.
In such a scenario (see Fig. 1.4c), the active portion of the plane of action gets
narrower. The SAP— point ¢ and the EAP— point d become closer to one another:
the active portion cd of the involute tooth profile is shorter than that of ab, as
illustrated in Fig. 1.4b. This gives a certain freedom to the gear designer when
selecting the geometry of the nonactive portions ac and bd of the tooth profile. As
these portions of the tooth profile do not interact with one another, the geometry of
the segments ac and bd is not restricted by conditions of meshing of the tooth profiles
(which is a must for the active portion cd).

In extreme cases, the EAP— circles of the gear and of the pinion can pass through
a certain point K within the straight-line segment P,P,,. Because of this, the length
Z,, of the active portion of the plane of action becomes zero (Zy, = 0) and the active
portion of the involute tooth profile shrinks to point K. This point is referred to as the
“involute tooth point.” The nonactive portions aK and bK of the tooth profile meet
each other at point K. These portions of the tooth profile are not subjected to
conditions of meshing, and, thus, this gives additional freedom to the gear designer
when selecting the geometry of the nonactive portions aK and bK of the tooth profile
(see Fig. 1.4d).

As the width of the active portion of the plane of action is zero (Z,, = 0) and the
involute tooth profile is shrunk to a point, the transverse contact ratio nz, results in a
zero value. In order to meet the inequality m, > 0, the following inequality must
be met:

my=myp +mg =0+ mp=mp >0 (1.5)

The point system of parallel-axes gearing (see Fig. 1.4d) gives much freedom
when designing the nonactive portions of the tooth profiles of the gear and the
pinion, as the geometry of these portions is free of constraints imposed by conditions
of the meshing of two conjugate tooth profiles.

1.3.4 Design Features of Novikov Gearing

The concept of Novikov gearing is based on the schematic depicted in Fig. 1.4d. For
this case, Dr. M.L. Novikov proposed replacing the convex-to-convex contact of the
tooth profiles with their convex-to-concave contact. This replacement is only possi-
ble in cases in which the active portion of the involute tooth profile is shrunk to a
point (and it is infeasible in cases in which the active portion of the involute tooth
profile is of a certain length [3]).

Shown in Fig. 1.2, the first (in time) schematic that illustrates the concept of
Novikov gearing [4] is far from being the best and most consistent.
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Fig. 1.5 Tooth profile sliding in parallel-axes Novikov gearing

The point of contact K of the tooth flanks G and P is located within the straight
line of action LA. The larger the distance of the contact point K from the pitch point
P, the more freedom there is for the gear designer in selecting the radii of curvature
of the interacting tooth profiles. At the same time, the larger the distance of the
contact point K from the pitch point P, the higher the losses on friction between the
tooth flanks G and 2 and the higher the tooth flanks are worn down (see Fig. 1.5).
Ultimately, the actual location of the contact point K is a tradeoff between the two
factors just mentioned.

Furthermore, let us assume that the pinion is stationary and that the gear performs
an instant rotation in relation to the pinion. The axis Py, of the instantaneous rotation
®p, is a straight line through the pitch point P. When the pinion is viewed motionless,
the contact point K traces a “boundary Novikov circle”® of a radius ry, which is
centered at the pitch point P as illustrated in Fig. 1.2.

The pinion tooth profile P can either align with a circular arc of the boundary
Novikov circle of a radius ry or relieve into the bodily side of the pinion tooth. The
pitch point is included in the interval, whereas the contact point K is not. On the other
hand, the location of the center of curvature of the concave gear tooth profile G

SIt is instructive to mention here that Dr. M.L. Novikov did not use the concept of the “boundary
circle.” The concept of the “boundary N—circle” was introduced by Prof. S.P. Radzevich [3] in the
early 2000s. Prof. S.P. Radzevich also proposed referring to this circle as the “boundary Novikov
circle” or just as the N—circle of a limiting radius ry.
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within the straight line LA is limited to an open interval P — oo. Theoretically, the
pitch point P can be included in this interval for K. The radius of curvature r,, of the
convex pinion tooth profile 2 is smaller than r,, which is the radius of curvature of
the concave gear tooth profile G. Thus, the inequality r,, < r is observed.’

In Novikov gearing, both the pinion and the gear are helical. The helices are of the
opposite hand. No spur Novikov gearing is feasible at all. Due to this, when the gears
rotate, the contact point K “pseudo-travels” axially parallel to the axis of instanta-
neous rotation Py, In this straight “pseudo-motion,” the contact point traces a
straight line Py, which is called the “pseudo-path of contact” Py (as the equality
Z,, = 0 is observed, the length of the path of contact P. at every transverse section is
always zero (P, = 0)).

The radial position of the contact point K on both the gear and pinion tooth flanks,
ie., G and P, respectively, remains the same. It is therefore fundamental to the
operation of gears that contact occurs nominally at a point and that the point of
contact “pseudo-travels” axially across the full face width of the gears during
rotation. It should be stated as a condition of the operation of Novikov gearing
that, for a given profile, the tooth surfaces should not interact before or after
culmination when rotated at angular speeds that are in the gear ratio.

The transverses contact ratio 1, in Novikov gearing is zero (m, = 0). Because of
this, geometrically, the meshing of the gear teeth in the transverse section is
instantaneous. The face contact ratio my of the gear pair is always greater than one
(mg=m;> 1).

1.3.5 Principal Design Parameters of Novikov Gearing

From a historical perspective, it is interesting to consider the calculation of the
principal design parameters of a Novikov gear pair following the approach proposed
by Dr. M.L. Novikov [6]. The calculation of the design parameters of a Novikov
gear pair with a circular-arc tooth profile is considered below as an example.

For the calculation of the design parameters of a Novikov gear pair, the center
distance C and the gear ratio u = w,/w, of the gear pair are required.

The radius of the pitch circles of a gear R, and that of a mating pinion R;, can be
expressed in terms of the center distance C and the tooth ratio u, as follows:

u
14+u

Ry=C- (1.6)

"1t should be pointed out here that there are no constraints to designing a gear pair with a convex
gear tooth profile and a concave pinion tooth profile.
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1

Ry=C-11

(1.7)
The distance / at which the pseudo-path of contact Py, is remote from the pitch
point P as well as the transverse pressure angle ¢, in the gear mesh must be specified.
The displacement® [ is the principal design parameter of a Novikov gear pair.
Many of the design parameters of a Novikov gear pair can be expressed in terms of
the displacement, / = KP.
For the calculation of the radii of curvature of the tooth profile of the gear r, and
that of the pinion r,, the following empirical formulas are used:

rg=1-(1+kg) (1.8)
rp=1-(1+kep) (1.9)

The actual value of the factor k,,, should fulfill the inequality k;, > 0. However, it
is practical to set the factor k., equal to zero; then, the equality r, = /is observed. The
factor ke is within the range &, = 0.03...0.10.

The radius of the outside circle of the pinion R, ;, is calculated from the following
formula:

Rop=Ry,+ (1 —kpo) -1 (1.10)

The addendum factor kj, of the pinion depends on the following:

(a) The actual value of the pressure angle, ¢,
(b) The absolute dimensions of the gear pair
(c) The accuracy of machining

(d) Conditions of lubrication

It is common practice to set the pinion addendum factor kp,, in the range:
kpo =0.1+0.2 (1.11)
The radius of the root circle of the pinion Ry, is calculated from the equation:
Rip=R,—a;,—6 (1.12)

In Eq. (1.12), the following are designated:

ag as the dedendum of the mating gear (a, = (0.1...0.2) - I)

1) as the radial clearance in the gear pair (6 = [ - k;,,)

81t is instructive to note here that the equality [ = ry is observed.



12 1 Novikov Gearing Is a Kind of Involute Gearing

It is proven to be practical to set the fillet radius pj, in the range p, = 0.3 - .
The radius of the root circle of the gear Ry, is given as follows:

Riy=C—R,, (1.13)
The radius of the outer circle of the gear R, , is calculated from the expression:
Ryg =R, + a, (1.14)

The corner of the gear tooth addendum needs to be rounded with a radius p,, the
actual value of which is less than the fillet radius p, of the pinion (p, < pp).

The following relations among the design parameters of a Novikov gear pair are
recommended by Dr. M.L. Novikov in his study [6]: r, = [, r; < 1.10 - rp,
pp =031 m/l =08, t/t, = 1.5, ¢ = 30°, 2 = 60...80° (y = 10...30°), and
circular pitch of the teeth p = t, + #, + B, where backlash B = 0.2...0.4 mm.

The effective face width F,, in the gear pair is given by:

Fr=(1.1+12) -p- tana (1.15)

For a preliminary analysis of a Novikov gear pair, the following empirical
expression returns a practical value for the displacement [:

[=(0.05+0.20) - R, (1.16)

The performance of a parallel-axes Novikov gear pair strongly depends on the
following three design parameters:

* The displacement /
» The transverse pressure angle ¢,
* The lead angle A

It should be stressed here one more time that a smooth rotation of the driven shaft
under a uniform rotation of the driving shaft is possible only if the transverse contact
ratio of the Novikov gear pair is equal to zero (m, = 0) and the face contact ratio is
greater than one (m, = mg > 1).

The application of a Novikov gear pair (namely, that of Novikov gearing of Ny, —
mesh, in particular), featuring geometries of the tooth profiles known so far, makes it
possible to increase the contact strength of the gear teeth by up to 2.0 + 2.1 times and
the bending strength by up to 1.3 + 1.5 times compared to involute helical gearing.
The friction losses are up to 2.0 + 2.5 less, and the tooth wear is 3 + 4 times less in
Novikov gearing [7]. All these application data are obtained for Novikov gearing
with the hardness of the tooth surfaces in the range up to HB 350. During the years
that Novikov gearing was actively being investigated, Novikov gearing with harder
tooth flanks was not profoundly investigated.
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Fig. 1.6 Gearbox
manufactured by Westland
Helicopters, Ltd. (After
Astridge, D. G., et al.,
“Tribology of High
Conformity Gears,”
Institution of Mechanical
Engineers, 1987,

pp- 819-825)

The application of Novikov gearing makes the weight reduction of gearboxes
possible by up to 1.3 times (on average).

A uniform rotation of the shafts in Novikov gearing is only attained due to the
face overlap of the gear teeth. Geometrically, meshing of the gear teeth in a
transverse cross section is instantaneous.

Geometrically, the functional portions of the tooth flanks of the gear and the
mating pinion in Novikov gearing are represented by two conjugate helices, that is,
by two spatial curves. Under the applied load, these portions spread over the helical
strips along the helices.

The nonfunctional portions of the tooth flanks are not conjugate to one another.
Moreover, they are not envelopes to one another. This gives more freedom to the
gear designer to make the gear teeth stronger.

An example of a Novikov gear pair is illustrated in Fig. 1.1. This is a gear pair
manufactured by Westland Helicopters, Ltd. and is implemented in the design of
gear transmission, as shown in Fig. 1.6 [8].

In current terminology and designations, the calculation of the principal design
parameters of a Novikov gear pair is considered in the study by Radzevich [3].

The approach disclosed in this chapter can be used to enhanc Novikov/conformal
gear pairs that feature other geometries of the tooth profile in the transverse section
of the gear pair.

1.4 High-Conformal Gearing

The condition under which a convex-to-concave contact between the tooth flanks of
a gear and a mating pinion becomes feasible is the fundamental achievement of
Dr. M.L. Novikov. Once the active tooth profiles in a parallel-axes involute gearing
shrinks to a point (namely, to the involute tooth point), then a favorable contact
between the tooth flanks G and P can be attained. A capability to accommodate for
the manufacturing errors and for the displacements under an operating load is the
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only consideration when determining the geometry of the interacting tooth profiles G
and P by Dr. M.L. Novikov.

1.4.1 Critical Degree of Conformity in Novikov Gearing

It was assumed by Dr. M.L. Novikov from the very beginning that a convex-to-
concave contact between the tooth flanks of a gear and a mating pinion is “sufficient”
for a significant increase of the bearing capacity of the contact area between the tooth
flanks G and P. A later analysis revealed that in the case of Novikov gearing, a
convex-to-concave contact is “necessary” but “not sufficient” for a significant
increase of the bearing capacity of parallel-axes gearing. A certain critical degree
of conformity at the point of contact K of the tooth flanks G and 2 must be attained in
order to make the convex-to-concave contact beneficial. An increase in the degree of
conformity below its critical value — that is, from &% to 82 ;— makes a limited
increase of the bearing capacity of the gear pair possible. A low increase of the
bearing capacity is because both the values of the degree of conformity (that is, J3,,
and 5'§nf) are smaller compared to its critical value [.,¢], and, thus, the inequalities
2 < [Sent] and 8 < [Senf] are observed.

However, when the actual degree of conformity &, becomes larger than the
critical value (5, > [Senf]), then even a small increase in the degree of conformity at
the point of contact of the tooth flanks G and 2 causes a significant increase in the
bearing capacity of the tooth flanks in Novikov gearing. Therefore, the substitution
of a convex-to-convex contact between the tooth flanks in parallel-axes gearing with
their convex-to-concave contact (as in Novikov gearing) is necessary but not
sufficient for a significant increase in the power capacity of a parallel-axes gear
pair. In addition to that, a certain critical degree of conformity, [J.¢], at the point of
contact between the tooth flank of the gear G and that of the mating pinion 2 must be
exceeded.

Gearing for the degree of conformity J., at the point of contact of the tooth flanks
G and P that exceeds its critical value [J.,¢] — that is, the gearing for which the
inequality dcnp > [Ocnrl is valid — is referred to as “high-conformal gearing.”

The intuitively understood qualitative term “degree of conformity” can be quan-
tified. For this purpose, a characteristic curve called the “indicatrix of conformity,”
Cnfr(G/P), at the point of contact of the tooth flank of a gear G and that of its
mating pinion ©? is commonly used [3, 9]. The indicatrix of conformity Cnfr(G/®P)
is a planar, centrally symmetrical curve of the fourth order. The position vector of the
point r,of the indicatrix of conformity corresponds to the degree of conformity of
the tooth flanks G and 2 in a corresponding direction through the contact point
K [3, 9]. The smaller the radius r.,, the larger is the degree of conformity at the point
of contact of the interacting surfaces, and vice versa.
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1.4.2 Minimum Required Degree of Conformity at the Point
of Contact of Two Interacting Tooth Flanks

Favorable conditions of the point of contact of the tooth flanks of a gear and a pinion
are the main anticipated advantage of a high-conformal gear pair. The higher the
degree of conformity, the higher is the load-carrying capacity of the contacting tooth
flanks. Therefore, a minimum possible mismatch in the curvature of the teeth of the
gear and pinion is desired.

In reality, the tooth flanks of a gear and its mating pinion in a high-conformal gear
pair are displaced from their desired position. The undesired displacements are
mostly because of the following:

(a) Manufacturing errors

(b) The elastic deflections of the gear teeth, of the gear shafts, of the housing (that
occur under the applied load), thermal expansions of the components, and so
forth.

High-conformal gearing is sensitive toward tooth flank displacements.

To accommodate for the inevitable displacements, a certain degree of mismatch
in the curvature of the teeth of the gear and pinion is required. An insufficiently small
mismatch can be incapable of accommodating the displacements. However, as the
mismatch increases, the contact stresses increase as well. High contact stress may
lead to various forms of surface failures such as heavy wear, pitting, or scuffing
damage. Therefore, a minimum required degree of mismatch in the curvature of the
teeth of the gear and pinion is necessary to be determined. Otherwise, one of two
scenarios could be observed.

First, the gear pair is capable of absorbing the inevitable displacements of the
tooth flanks, but the degree of conforming of the contacting tooth flanks is not
sufficient for the high load-carrying capacity of the gear pair.

Second, the gear pair features a sufficient degree of conformity of the tooth flanks
but is not capable of accommodating the tooth flank displacements.

In both cases, the gear pair has no chance of being successfully used in practice.

Shown in Fig. 1.7 is a three-dimensional (3D) plot of the function
Ocnt = Ocnf (k, E). Fig. 1.7 relates to the cases of the convex-to-concave contact of
the tooth flanks of the gear G and the pinion P.

The performed analysis of the 3D plot allows for drawing the following
conclusions.

The sections of the surface Scnf = Sent (k, f) by planes k; = Const (see Fig. 1.7)
are represented by curves that have asymptotes. For a particular curve k; = Const,
shown in Fig. 1.7 in bold line, the axis &, and the straight line d.,s = 1 are the
asymptotes.

The greatest possible degree of mismatch in the curvature of the teeth of the gear
and pinion corresponds to the parameter K — — oo. The interval of alteration to the
parameter K starting from —oco and going up to approximately K = — 2is convenient
to accommodate any desired displacement of the tooth flanks G and 2 from their
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Fig. 1.7 A three-dimensional plot of the function S¢ps = Seng (k, f) constructed for the convex-to-
concave kind of contact between the tooth flanks of a gear G and its mating pinion © in a conformal
gear pair

correct configuration. However, within the interval (— oo < K < — 2) of alteration
in the K — parameter, an increase of the degree of conforming of the tooth profiles G
and P is negligibly small. Within this interval of the K — parameter, the load-
carrying capacity of a conformal gear pair approximately remains in the same range.
Therefore, just the convex-to-concave contact between the tooth flanks of a gear and
its mating pinion provides a limited improvement in the load-carrying capacity of a
gear pair. Being convex-to-concave, an additional requirement needs to be fulfilled
in order to get not just conformal gearing but also high-conformal gearing.

On the other hand, even a small change to the actual value of the K — parameter
within the interval —2 < K < — 1 results in a significant increase of the degree of
conformity of the teeth flanks G and 2. This immediately entails a corresponding
increase in the load-carrying capacity of the gear pair.

In the example considered above, the value of the K — parameter (that is, the
value of K = — 2) can be referred to as its critical value K., (or “threshold,” in other
words). This allows for distinguishing between just conformal gearing (for which
— 00 < K < K,;) from high-conformal gearing (for which K, <K < — 1).

Without going into the details of the analysis, it is evident that gears for high-
conformal gearing require tighter tolerances for any possible displacements of the
tooth flanks G and ©? from their desirable location and orientation. Otherwise, there
could be no future for the applications of high-conformal gear systems.



1.4 High-Conformal Gearing 17

Based on the results of the performed analysis, the following statement is
drawn up: conformal gearing and high-conformal gearing meet all the three funda-
mental laws of gearing [3, 9, 10]. Gearing of both the gear systems is capable of
smoothly transmitting an input uniform rotation. As a consequence, both conformal
gearing and high-conformal gearing have the following features:

* The transverse contact ratio is identical to zero (m, = 0).

» The total contact ratio m; is equal to the face contact ratio my and is greater than
one (m; = mg > 1).

» The tooth profile of one member of the gear pair is convex, whereas that of the
mating gear is concave.

» The convex tooth profile of one member of the gear pair is entirely located within
the interior of the boundary N— circle, whereas the concave tooth profile of
another member of the gear pair is entirely located within the exterior of the
boundary N— circle.

* The difference between the magnitudes of the radius of curvature of the concave
tooth profile and that of the convex tooth profile in the gear pair is equal to or
smaller than the given threshold beyond which a higher conformity of the
interacting tooth profiles contributes much to the bearing capacity of the gear pair.

The principal difference between Novikov gearing and Wildhaber gearing is
clearly illustrated in Fig. 1.8.

In Novikov gearing, the common unit perpendicular n, is always aligned with the
instantaneous line of action LA, as illustrated in Fig. 1.8a. The gear tooth flank G
is properly configured in relation to the boundary N— circle of a radius ry — and,
thus, the fundamental laws of gearing are fulfilled.

In Wildhaber gearing, the common unit perpendicular n, is not aligned with the
instantaneous line of action LA, as illustrated in Fig. 1.8b. The gear tooth flank G*
is improperly configured in relation to the boundary N— circle in a gear pair — and,
thus, the fundamental laws of gearing are violated.

Helical gearing with a circular-arc tooth profile proposed by Dr. E. Wildhaber
[11] does not meet the three fundamental laws of gearing. An insufficient under-
standing of gearing of this particular kind clearly follows from the paper by T. Allen
[12]. The comparison between Novikov gearing [4] and Wildhaber gearing [11] that
started decades ago by Chironis [13] is incomplete. To the best possible extent, the
comparison was later accomplished in my own work as summarized in the studies by
Radzevich [3, 9, 10, 14, 15].

Two points need to be mentioned here.

First, neither gears for Novikov gearing nor gears for high-conformal gearing
can be finish cut by the continuous indexing method (generating method) of gear
machining. That is, the gears cannot be hobbed, shaped, or ground by a worm
grinding wheel.

This is because the fundamental laws of gearing are not fulfilled in the gear
machining mesh [9]. Only R.— surfaces can be accurately generated in the contin-
uous indexing method of gear machining. Cutting tools for machining gears for both



18 1 Novikov Gearing Is a Kind of Involute Gearing

(b)

Fig. 1.8 Correct G (a) and incorrect G* (b) configuration of the circular-arc tooth profile of a gear
in Novikov gearing (the common perpendicular ng is aligned with the instantaneous line of action
LAj,s) and in Wildhaber gearing (the common perpendicular n, does not align with the instanta-
neous line of action LA;,)
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Novikov gearing and high-conformal gearing are considered in the studies by
Radzevich [15] and [10].

Second, neither tooth profile modification nor longitudinal modification of the
tooth flanks of a gear and a mating pinion is permissible to Novikov gearing as well
as to high-conformal gearing in a more general case.

1.5 Conformal Gearing with Intermediate Balls

The theoretical analysis of the concept of Novikov/conformal gearing performed in
the previous sections of this chapter provides the readers with systemized knowledge
of the field and is helpful to gear designers. Of course, not all potential applications
of the obtained results are discussed here. The main goal of this chapter is to illustrate
a few more examples of implementation of the theory, which are slightly beyond a
straight interpretation of it. Certain examples can illustrate a possible way of
evolution of the concept of Novikov/conformal gearing.

A brief look at the schematic of a parallel-axes Novikov/conformal/high-confor-
mal gear pair with the boundary N— circle that overlaps the gears inspired the
author’ to investigate the possibility of replacement of sliding between the gear
tooth flanks with rolling of the interacting elements. Potentially, such a replacement
could be useful as the friction losses in rolling are commonly smaller compared to
that those in sliding.

As illustrated in Fig. 1.9, in a section by a transverse plane, both the driving
pinion and the driven gear feature a concave tooth profile (see Fig. 1.9a). For
simplicity, but without loss of generality, the radius of curvature p, of the gear
tooth flank G and the radius of curvature p,, of the pinion tooth flank # are set equal
to the radius ry of the boundary N— circle. The line of action LA forms a transverse
pressure angle ¢, perpendicular to the centerline € in the gear pair.

The balls of a radius ry,);) = ry interact with the gear and the pinion tooth flanks G
and ? at two points that are labeled as K, and K, respectively. The parallel-axes
conformal gear pair with intermediate balls features two pseudo-paths of contact,
Py o and Py . In the case under consideration, the pseudo-paths of contact are two
straight lines through the contact points K, and Kp,, which are perpendicular to the
plane of drawing in Fig. 1.9a.

When the gears rotate, the balls travel in the axial direction of the gear pair
parallel to the axis of instantaneous rotation Py, (the axis of instantaneous rotation Py,
is a straight line through the pitch point P and is perpendicular to the plane of
drawing in Fig. 1.9a). At this time, when the balls are situated within the face width
Fy, of the gear pair, they are solely supported by the tooth flanks G and @ of the gear
and the mating pinion, respectively. After a ball is passed up through a channel
formed by two helical surfaces G and 2, it is returned to its initial position by the

°0On March 2, 2018.
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Pinion

The balls within the face width £,
are supported by the tooth flanks . and 2

(a)

Fig. 1.9 Conformal gearing with intermediate balls: (a) schematic and (b) a device for returning
the balls

device shown in Fig. 1.9b. The device features a gap between the ends, the width of
which is equal to or slightly exceeds the face width F,,. The length L in Fig. 1.9b can
be expressed in terms of the ball diameter 2ry;, the face width F,,, and the pitch helix
. Other means to return the balls can be designed as well.

The forces that act over a ball when it is supported by the tooth flanks G and ® are
analyzed in Fig. 1.10. Here, in Fig. 1.10, the driving pinion tooth flank ? pushes the
ball with a certain resultant force Fy. This force is resolved onto a normal component
F, and a tangential component F,. The components F, and F, of the resultant force
Fy are considered (normal/tangential) in relation to the ball.

In order to ensure straight motion of a ball parallel to the axis of instantaneous
rotation Py, the design parameters of the tooth flanks G and 2 of the gear and the
mating pinion, respectively, have to be designed so as to form the so-called “pocket”
for a ball that is currently interacting with the tooth flanks G and 2. This can be done
considering the local geometry of the interacting surfaces G and P with the ball.

Every point of a ball is a convex umbilic point, for which the Dupin indicatrix
Dup (ball) can be graphically interpreted as a circle of a certain radius. The circle
centers at the contact point with the gear (from one side) and with the pinion (from
the opposite side). Every point of the helical tooth flanks G and ? is a saddle-like
point (hyperbolic point) that features a section by a normal plane of both kinds, that
is, convex and concave plane sections are observed (depending on the actual
configuration of the section plane).
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Fig. 1.10 Forces that act in the gear mesh in conformal gearing with intermediate balls

The gear and the mating pinion tooth flanks G and P, respectively, have to be
designed so as to ensure a concave normal plane section of both surfaces G and 2 in
the direction that the ball travels. Under such a scenario, the ball is locked in the
pocket and travels exactly parallel to the axis of instantaneous rotation Py,,. The said
is illustrated in Fig. 1.11.

The Dupin indicatrix Dup(G) is constructed at point K, of the gear tooth flank G
(see Fig. 1.11a). The point K, is the point of contact of the ball with the gear tooth
flank G. The sector with positive (p, > 0) and negative (p, < 0) values of the radius
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Fig.1.11 Determination of the permissible direction of the pseudo-paths of contact Py, , and Py
in conformal gearing with intermediate balls: (a) Dupin indicatrix Dup(g) at point K, of the gear
tooth flank G, (b) Dupin indicatrix Dup(%) at point K}, of the pinion tooth flank , and (c) the Dupin
indicatrices Dup(G) and Dup(®P) overlap one another

of curvature p, of the sections of the tooth flank G by normal planes are determined
by means of the Dupin indicatrix Dup(G).

Similarly, a Dupin indicatrix Dup(%) is constructed at point K, of the pinion tooth
flank ¢ (see Fig. 1.11b). The point K, is the point of contact of the ball with the
pinion tooth flank . The sector with positive (p, > 0) and negative (p, < 0) values
of the radius of curvature p;, of the sections of the tooth flank # by normal planes are
determined by means of the Dupin indicatrix Dup(P).

Ultimately, the permissible directions of the pseudo-paths of contact P, and
Py p in Novikov/conformal and high-conformal gearing with intermediate balls are
determined as illustrated in Fig. 1.11c. Viewing along the straight line KK, the
tooth flanks G and 2 are turned in relation to one another through an angle zi. The
angle yiis similar to the angle of the local relative orientation u of two smooth regular
surfaces at the point of their contact'’ [3].

It is clear from the analysis in Fig. 1.11c (together with Fig. 1.10) that when the
balls are located within the face width Fy, of the gear pair, they are spaced from one
another at a distance that equals to the axial pitch p, of the tooth helix.

Determination of the instantaneous kinematics of a ball inside the “pocket” is
illustrated in Fig. 1.12.

The Dupin indicatrices Dup(G) and Dup(®) at points K, and K, of the tooth
flanks G and P, respectively, are employed for the derivation of the instantaneous

19The difference between the angles y and fiis solely because of a plane within which the angles are
measured. The angle of the local relative orientation, y, of two smooth regular surfaces G and Pat
the point of their contact is measured between the principal directions within a common tangent
plane to the surfaces. The angle p is measured between the projections of the principal directions
onto a plane that is perpendicular to the straight line K K. This plane is parallel to a common
tangent plane in the contact “ball-to-G.” It is also parallel to a common tangent plane in the contact
“ball-to-2.”
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Fig. 1.12 Instantaneous
kinematics of a ball inside
the “pocket”
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Dup (2°")
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kinematics of a ball inside the “pocket.” As that same ball makes contact with each
of the tooth flanks G and 2, the Dupin indicatrix of the ball Dup(B) can be eliminated
from further analysis.

Consider a plane z, through the contact point K,, which is perpendicular to the
common perpendicular n,. The Dupin indicatrix Dup(§) is constructed within the
plane 7,. Another plane 7z, is a plane through the contact point K, which is
perpendicular to the common perpendicular n,,. The Dupin indicatrix Dup(®) is
constructed within the plane x,,. The unit normal vectors ng and n,, are along a line
through the center of the ball. Therefore, the planes 7, and x, are parallel to one
another.

The third plane 7y, is an arbitrary plane that is parallel to the planes 7, and 7. In
particular, the plane 7, can be a plane through the center of the ball. Furthermore,
both Dupin indicatrices Dup(G) and Dup(®) are projected onto the plane zy,. The
“composite indicatrix of conformity, enf (G/B/®)” is constructed on the premise of
the projections of the Dupin indicatrices Dup(G) and Dup(?) onto the plane .

The direction of translation of the ball inside the “pocket” can be specified in
terms of the minimum diameter of the composite indicatrix of conformity
enf (G/B/P), constructed at points K, and K, of the tooth flanks G and .

In polar coordinates, the point of the Dupin indicatrix Dup(g) at a point of the
tooth flank G can be specified as:

Tdup.g :rdup.g(§0) (117)
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Similarly, the point of the Dupin indicatrix Dup () at a point of the tooth flank P
can be specified as:

rdup.p:rdup.p((ﬂ’ ,‘7) (118)

Here, rqyp.¢ is the distance at which the point of the Dupin indicatrix Dup(§) is
remote from the origin of the polar coordinated, and 74y, is the distance at which the
point of the Dupin indicatrix Dup(?) is remote from the origin of the polar
coordinated; ¢ is the polar angle.

The point of the composite indicatrix of conformity cnf (G/B/®P) constructed at
points K, and K, is specified as:

”cnf(@ /7) = rdUp-g(fp) - rdUp-p(‘P’ /7) (1-19)

The direction of translation of the ball is perpendicular to a straight line along
which the minimum diameter d™" is measured. In the particular case under
consideration, this straight line is a straight line through the points of intersection
of the Dupin indicatrices Dup(G) and Dup(®?) . The latter yields certain
simplifications.

The main advantages of the discussed concept of Novikov/conformal and high-

conformal gearing with intermediate balls are summarized immediately below:

» The tooth addendum can be extremely short (reasonably, the shortest possible),
and the teeth can be made short and thick; the bending strength problem can be
reduced or even eliminated due to this.

* The ball diameter can be reduced, that is, the radius ry of the boundary N— circle
can be a smaller value compared to that in conventional Novikov/conformal and
high-conformal gearing: the smaller the radius ry, the less is the friction, and vice
versa.

* Besides there are two pseudo-paths of contact, Py, and Py, a gearing of the
proposed design that is neither a Nps— type of the conformal gear pair nor a Ny, —
type of the conformal gear pair; this is a novel type of conformal/high-conformal
gearing; the pseudo-paths of contact Py, and Py, are not identical to the
pseudo-paths of contact P by and Py ¢ in conventional conformal/high-confor-
mal gearing with two pseudo-paths of contact.

» The applied load is shared between contact points K, and Kp; therefore, the
contact strength can be doubled.

* As the balls are not rigidly connected either to a gear nor to a mating pinion, the
accuracy requirements can be drastically reduced.

* The smaller the ball diameter, the smaller is the axial dimension required for the
gear drive.

* The gear drive is geometrically accurate, that is, both the base pitches of a gear
and of a mating pinion are equal to the operating base pitch of the gear pair (like in
involute gearing).

» This gearing is designed to transmit a high torque at low and average rotations.
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*  When necessary, the friction between the balls and the tooth flanks of a gear and
of a mating pinion can also be incorporated into the analysis.

* The tooth flanks can be hardened and precisely ground after the hardening
(hobbing can be used for roughing as a preliminary machining; finish grinding
is performed either by disk-type or by end-type grinding wheels).

» The tooth flanks of a gear and a mating pinion form a “pocket” for the ball; when
the gears rotate, the “pocket travels axially”; the ball travels together with the
pocket.

* When torque is transmitted by a ball, the ball is locked in the pocket that features
negative curvatures of the interacting surfaces at both contact points.

» The geometry of the pipe (of the “channel”) can be optimized: centrifugal forces,
acting over the balls; wear of the channel walls; semi-cubic parabola, and so forth.

* After the gears are worn down, the balls can be replaced with balls of a larger
diameter.

* Production of precision balls is well-established in the industry: in the production
of ball bearings, the balls can be machined to a high level of accuracy.

» The gears can be machined to a high level of accuracy based on the experience
gained in production screws for “ball screw-and-nut” pairs.

* No separator is required for the balls.

* One or two balls simultaneously are engaged in the transmission of power/
rotation/torque. If two are used, then the axial distance between the two balls is
equal to the axial pitch in the gear pair. The rest of the balls are located close to
one another.

* The forces act only within the plane of action PA. No forces act perpendicular to
the plane of action PA as there is no motion of the balls in a direction perpen-
dicular to the plane of action. (The direction of the acting forces can be altered if
the friction forces are taken into consideration.)

A more in-detail analysis can reveal the additional advantages of conformal/high-
conformal gearing with intermediate balls.

1.6 Conclusion

This chapter deals with Novikov gearing, or, more generally, with Novikov/confor-
mal, and high-conformal gearing. The key features of Novikov gearing are
discussed, and the kinematics and geometry of gearing of this kind are considered.

The differences between Novikov gearing and Wildhaber gearing are described in
this chapter, making a case for why the two systems should “not” be combined as
Wildhaber—Novikov gearing or W-N gearing.

It is stressed here that a poor understanding of the kinematics and geometry of the
novel kind of gearing proposed by Dr. M.L. Novikov is the root cause of loosely
combining Novikov gearing with Wildhaber gearing. These two types of gearings
must be only considered separately from one another. The terms “Wildhaber—
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Novikov gearing” and “W-N gearing” are incorrect by nature and thus must be
eliminated from scientific communications on gearing.

It is a mistake to refer to the Novikov gear system as gears with a circular-arc
tooth profile. Novikov gearing is not a kind of gearing with a circular-arc tooth
profile like gears in the Wildhaber gear system. Novikov gearing is a reduced kind of
involute gearing. In Novikov gearing, the functional involute tooth profile is shrunk
to a point. This point is referred to as the “involute tooth point.” The rest of the tooth
profile is inactive and thus can be shaped with no constraints imposed by the
fundamental laws of gearing.

The acting standards on Novikov gearing (in Russia, China, and elsewhere) and
on gear cutting tools for cutting gears in Novikov gearing are generally incorrect.
Gears in Novikov gearing cannot be cut (finish cut) by hobs, shape cutters, shavers,
worm grinding wheels, and others. No generating finish machining of gear tooth
flanks are permissible. Only disk-type mill cutters, disk-type grinding wheels, and so
forth, can be used for this purpose.

High-conformal gearing has a huge potential for application in high-power-
density gear transmission systems and in low-noise gear transmissions.
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Chapter 2 ®)
Meshing Theory for Abnormal Novikov oy
Helical Gears

Yaping Zhao and Siyu Liu

2.1 Introduction

Since Euler put forward an involute tooth profile in 1765, involute gear transmission
has been widely used. With the development of production, there are higher require-
ments for gears under a high load state. In 1922, Vickers, Bostock, and Bramley
studied a gear with concave and convex tooth profile meshing and called it VBB.
The gear had a large radius of curvature, and the contact strength was much larger
than that of an involute gear. However, due to the small thickness of the concave
tooth addendum, the gear teeth broke when used. In 1926, Wildhaber proposed the
arc tooth profile, which also caused an accident.

In 1956, Novikov put forward a new circular-arc gear, which was cut by a
reference rack tool. Under the same parameters, the radius of curvature of the
circular-arc gear was 10 to more than 200 times larger than that of an involute
helical gear. The contact stress of the tooth surface was greatly reduced, and the
bearing capacity was greatly improved. The bearing capacity of a single-arc gear is
higher than that of an involute gear, but the bending strength of the tooth root is
lower than that of an involute gear. In order to improve the root strength of the
circular-arc gear, the former Soviet Union put forward a common tangent double-
circular-arc gear in the 1960s. This tooth profile was prone to pitting near the pitch
line, and, in order to avoid pitting and improve the root strength, a graded double-
circular-arc profile was proposed. Its bearing capacity was greatly improved than
that of a single-arc gear. The circular-arc gear used in industry is processed by a hob,
the normal tooth profile of the oblique rack cutter is an arc, and the processed gear
does not have an arc tooth profile. Due to the widespread use of gear grinding
machines, the strength of the hard involute tooth surface is higher than that of an arc
gear, which cannot be ground, and, so, arc gears are not widely used.
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This chapter presents a new type of circular-arc gear with a circular tooth shape in
its normal section. In the traditional sense, a circular-arc gear is enveloped by a rack
cutter, the tooth profile of which is circular. The tooth surface of a gear is extremely
complicated. Based on this, a mathematical model of the helical surface of a normal
circular-arc gear is established.

The meshing principle of normal circular-arc gear transmission is analyzed. First,
the coordinate system of the gear pair‘s relative motion is established, and the
meshing function of the gear pair is deduced by coordinate transformation. The
instantaneous contact point is determined by solving nonlinear equations based on
common points and common normal conditions.

In this chapter, the calculation principle of a normal circular-arc gear is studied
and numerical simulation of the conjugate region is carried out through concrete
examples. The calculation methods of contact reference points, points on the tooth
width boundary, and other contact points inside the boundary are determined. The
specific meshing parameters of each point are obtained through numerical examples.

2.2 Equation and Normal Vector for a Normal
Circular-Arc Helical Surface

The main aim of this chapter is to establish a mathematical model of the helical
surface of a normal double-circular-arc cylindrical gear. First, the formation princi-
ple of the helical surface of the normal double-circular cylindrical gear is introduced.
The helical surface equation of the concave and convex tooth profile of the gear is
written by the spherical vector and circular vector coordinates. Finally, according to
the knowledge of differential geometry, the corresponding unit normal vectors of the
helical surfaces of two gears are obtained. Since each side of the gear tooth has
concave and convex teeth, two points are in contact when they mesh. Because the
research method of meshing of the two parts is the same, here, we choose to study the
part that participates in meshing.

2.2.1 A Mathematical Model of the Left Convex Tooth
Surface of Normal Circular-Arc Gear 1

The design is carried out based on the basic tooth profile parameters of a GB/
T12759-1991 double-circular-arc cylindrical gear. The relative coordinate system
for calculating the tooth surface equation of a double-circular-arc gear is established.
Let the double-circular gear be located in the right-hand Cartesian coordinate system

o1 {01; i, j..k 1}. In this coordinate system, the axis direction of the double-

circular-arc gear is the axis k ; and the center point on the axis of the gear is O;. The
spiral angle is set as 5, where 3 is a positive value, and gear 1 is set as a right-handed
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Fig. 2.1 A coordinate system diagram formed by a left convex tooth surface

gear. The working tooth profile on each side of a tooth of a double-arc gear is divided
into two sections: a convex arc (outside the pitch circle) and a concave arc (inside the
pitch circle), which are connected by a transition arc. The connecting arc is tangent to
the convex tooth arc and intersects the concave tooth arc. For details, please refer to
the study by Lu and Shang [1]. We can calculate its radius and center position
according to geometric relations:

o t2+n2
/7" 2(tcos 8; —nsinéy)

where
t=05zm+ 1y + b, — p, cos &y — p, cos &y, n=p,;sind; + by + p, sind, — b,

Figure 2.1 A right-hand gear. The tooth surface equation is deduced based on the
left convex arc tooth profile.

The tooth surface is a spiral tooth surface formed by the spiral motion of the
working arc tooth profile. In the coordinate system, the intersection point of the
convex tooth symmetric axis and indexing (node) cylinder is O,,, and O, is taken as
the circle point. Using the knowledge of spherical vector function in differential

geometry, the normal coordinate system an{On; Ji mi, k 1} can be obtained. At
the initial position, its basis vectors are j , and m (0, 90° — f3), respectively. The
circular tooth profile is located on the surface to make a spiral motion to form the

tooth surface. When the angle parameter of the gear rotating along the axis is 6, point
0, moves to point O,, along the axis direction, and the axial distance between the
e —

=p,0,, where p is the spiral parameter of the normal double-

two points is ’0,,0,1’
circular-arc gear, p; = % cot . After finishing the spiral motion, according to the
knowledge of sphere vector function and circle vector function, it can be concluded
that the vector 71 of the unit basis becomes g ;(8;) and the vector m (0, 90° — j3)
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of the unit basis becomes m (6, 90° — ). According to the geometric relationship
shown in the figure, in the right-handed Cartesian coordinate system

61{01; 71, 7'1, Zl} point P; is any point on the working tooth profile of the
convex teeth of the normal double-arc gear and the directed angle between the path

vector C—Pf and the ﬁl(ﬁl, 90° — p) axis is set as ¢;. The radial diameter of the
center O to any point P of the working arc is the equation of the tooth surface of the
working arc (left convex tooth):

N - —— s — .
(" 1)1 =0P1=0,0,+ 0,0,' + 0,/Py = (p, cosp; — ;) cos p e 1(6)
. di\ - .
+(/)1 sing, + b, +21) g1(01) +[(pycosgpy —11)sinp

+piOilki=x1i1+yj+ak (2.1)

where
. di\ .
x1=(p,cos¢p; —I1) cosfcosO; — | p; s1n¢1+b1+7 sin 6,

. . d
1 =(p; cos¢p, — ;) cos Bsinf; + (pl sing, + by —|—71> cos 01,71

=(pycospy — 1) sinp + p,0,
r
#e(0.3)

It can be seen from the Eq. (2.1) of the helical surface of the normal double-
circular-arc gear that all parameters py, py, [}, by, and f in the equation are constant
values, whereas parameters @, and ¢, are variables and serve as the binary coordi-
nates of the tooth surface. Therefore, the helical surface equation of a gear is a binary
equation about the angle parameter 6, and the tooth profile parameter ¢,.

According to the above-calculated tooth surface eqution (2.1), it can be seen that
the equation is about two variable parameters and continuous differentiability, so the
partial derivatives of the equation can be obtained with respect to these two param-
eters. The partial derivative of the left convex tooth of a normal double-circular-arc
gear is solved as follows:

06,

o(7),

0

= - (ﬂl sing; + b, JFjl) e (01)+ (pycosgpy —1)cospg (01)+p Kk,

(2.2)

= —pysing;cosfe (01) +p cosdy g 1(61) —pysingsinfk,  (2.3)
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According to the definition of a unit normal vector in gear meshing theory, the
normal unit vector of any point on the working tooth surface of this section can be
obtained as:

o(r1), , (),

g 891 51/),
n;) ="
( ])1 p1D1

—

€1(01) g1(01) k,
. d
Pr — (Pl sing + by +21> (p1cosgp; —1y)cos B Pi
_ — sin ¢ cos f cos ¢, — sing, sinf
B D1
_ e nig = iy
_D1 e1(9])+D1 g1(91)+D1 kl (24)

where we denote:
nie= —(pycos ¢, — i) sinfcos fsing; — p, cos ¢,

. dr\ . . .
ng= — (pl sing; + by —&—71) sin fsingp; — p, cos fsin ¢,

. d .
nyg= — (p, sing, + b; +71> cos ¢y + (p; cos ¢p; — ;) cos B sin ¢,

D> =Cjosin 2451 +2p,Cy; sin ¢, + 2by1; cos 2 sin ¢, cos P,
a2
+(b1 +71) +pi (2.5)
where

Cio=p,>sin’p+ (I;* — b7) cos *p,C1 = %4— bysin’p

The above is the calculation of the unit normal vector of the working tooth profile
curve of the left convex tooth engaged in meshing. It can be seen from Egs. (2.4) and

(2.5) that the unit normal vector (ﬂ ]) ) contains only variables 8, and ¢, and that its

three components n;,,1;,, and n;; contain only one variable ¢;.
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2.2.2 Mathematical Model of the Left Concave Tooth Surface
of Normal Circular-Arc Gear 2

The analysis shows that the left rotary gear’s left concave tooth surface should mesh
with the left convex tooth surface of the gear, which should satisfy the same helical
angle and opposite direction. A similar method is used to solve the tooth surface
equation of the left concave tooth of gear 2, and the vector coordinate system is
established, as shown in Fig. 2.2.

In the coordinate system 02{02; i2, o kz}, the coordinate origin O, is

located at the midpoint of the gear axis and the unit base vector Ez is along the
direction of the gear axis. Gear 2 is a left normal double-circular-arc tooth surface,
and its helical angle is also f. Similar to gear 1, at the initial position, as shown in
Fig. 2.2, the base vector of the normal section of the curved normal double-circular-

arc helical plane is composed of unit vectors j , and 7,(0, ). The radius of the
concave tooth is p,, and the position parameters of the center of the circle are similar
to those of gear 1. Any position can be regarded as obtained by moving

—_—
‘0,,0,/ =p,0, at the initial position, p, is the spiral parameter of the normal

double-circular helical surface, and 0, is the angle of rotation around the axis Zz.
At any position, its normal section is spanned by the unit vectors g ,( —6,) and
7 5( — 65, B). According to the geometric relationship shown in Fig. 2.2, in the right-

—

handed Cartesian coordinate system 02{02; io, o k 2}, point P, is any point on

the left working tooth profile of the concave tooth of the normal double-arc gear and
—
the directed angle between the path vector cP, and the negative direction of the

\ n:(0.5)
\

The normal plane

\

T 1

The initial position The current position

Fig. 2.2 A coordinate system diagram formed by a left concave tooth surface
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1 5(— 6,, ) axis is ¢b,. Then, the radial diameter of the origin O, to any point P, of
the working arc is the equation of the tooth surface of the working arc:

N —_— —— T
(72), =0:P=0,0,+0,0, +0,/P:

= (”’;2 + I — p, cos ¢2) cosfer(—0,)

—(pzsin¢2—b2 d;) ,(—6))

+ [p26’2 — (? +b—p, cosqﬁz) sinﬂ} Eg :xz72 +y2f2 +Z2E2
(2.6)

where
Tmy . d2 .
Xy = ( 5 + I, — p, cos ¢2) cosficosb, — | p,singp, — by — 5 | sin (7

Vy = (7[’;2 + I, — p, cos g{)z) cos f#sin@, — <p2 sing, — by — %) cos 6,

L2 =ps6r — (ﬂTmz + 1l — p,cos ¢2) sinf§

#<(03)

It can be seen from the Eq. (2.6) of the helical surface of the normal double-
circular-arc gear that all parameters p,, p,, l», by, and f in the equation are constant
values, whereas parameters 6, and ¢, are variables and serve as the binary coordi-
nates of the tooth surface. Therefore, the helical surface equation of the gear is also a
binary equation about the angle parameter 6, and the tooth profile parameter ¢5.

According to the above-calculated tooth surface equation (2.6), it can be seen that
the equation is about two variable parameters and continuous differentiability. So,
the partial derivatives of the equation can be obtained with respect to these two
parameters. The partial derivative of the left concave tooth of a normal double-
circular-arc gear is solved as follows:

o( 7,
(aez>2 - ("2 Sin ¢y = bz - %2) 2 =0) (2.7)

(m;z +bL—p, cos¢2) cosﬂg 2(=62) +prko
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°(72)
2 . — —
Tz = pysingh,cos fer(—62) —p,cos e, g ,(—6a) (2.8)
—pysing,sinfk,

According to the definition of a unit normal vector in gear meshing theory, the
normal unit vector of any point on the working tooth surface of this section can be
obtained as:

o(72), o(72),

(’72>2 - L 2D b

—

@2(—6,) g2(—6) ko,
. d
Pa| — (Pz sing, — by — 72> - (%-HZ—PZCOS%) cos D2
_ sin ¢, cos — cos ¢, — sin¢, sinf
B p2D>

_ me€y(—0r) 4 ga(—602) +nyks
- b,

(2.9)
where
Ty . .
Npe = (T + I, — p, cos gbz) sin ffcos fsin ¢, + p, cos ¢,
. dry\ . . .
Nag = — | pasing, —by — > sin fsin ¢b, + p, cos ffsin ¢,

Nop = <p2 sing, — b, — 622) cos ¢, + (% + I, — p, cos (1)2) cos 23 sin P,
D% = Cysin’hy — Cay sinhy — Cop sinpy cos g, + (b +12)* + > (2.10)

where

Coo= | (2 + )" = b2 cos 2B + py?sin*.Cor = 2p5 (bzsmzﬁ ’ %2> ’

C22 = 2]?2 (ﬂTmz + lz) Cos zﬂ

The above is the calculation of the unit normal vector of the working tooth profile
curve of the left concave tooth engaged in meshing. It can be seen from Egs. (2.9)

and (2.10) that the unit normal vector (ﬁ 2) , contains only variables 8, and ¢, and

that its three components 75,14, and 1y, contain only one variable ¢,.
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Above, we establish the relative coordinate system of the normal double-circular
spiral surface, deduce the corresponding equations of the concave and convex tooth
profile spiral surface, and obtain the unit normal vector of the surface. The theoretical
derivation and calculation in this chapter have established the foundation for study-
ing the meshing principle of a normal double-circular-arc gear pair and help calcu-
late the formula of the meshing performance parameters of gear pairs.

2.3 System of Nonlinear Equations to Determine
Instantaneous Contact Point

In the previous chapter, the helical surface equation of a normal double-circular-arc
gear was established. The equation is a binary equation composed of two variables,
and the basic parameters of the concave and convex surface on the left side are
provided. In this chapter, the meshing theory of the tooth surface equation is used to
further study the meshing of a normal double-circular-arc gear. A normal double-
circular-arc gear has point contact form, so it is necessary to establish the relative
motion coordinate system between them, calculate the relative motion parameters of
the two gears, then deduce the tooth surface meshing equation, and calculate the
nonlinear equations by the elimination method, which lays the foundation for
solving the contact point in the following.

2.3.1 Equation and Normal Vector of Surface Families
in a Static Coordinate System

In order to study normal double-circular-arc gear transmission, all coordinate sys-
tems related to the two meshing gears are shown in Fig. 2.3 during the meshing
analysis of a normal double-circular-arc gear pair.

According to the relative position relationship of meshing, two static coordinate

systems, namely, 601{001; Lol J ot1s kol} and 002{002; i o2, J o2 koz}, are
established, and the initial position before meshing is represented by the
corresponding parameters related to the two tooth surfaces. The dynamic coordinate

systems 01{01; i, Jj,k 1} and 0'2{02; i2, Ja kz}, connected with the gear

phase, are established to represent the current position of the meshing of the two

gears, respectively. The centers of the axes of the two gears are located at point O,

and point O,, respectively. The center distance of the gear pair is the straight-line
—_—

distance of two points: ‘0102’ =a. If gear 1 is a dextral gear, then gear 2 is left-

handed. When the two gears move relative to each other, they rotate along their axes

—

- . e e
k| and k ,, respectively, and i ,j = i ».
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Fig. 2.3 The relative =
motion coordinate system of @ Tla
a gear pair =\
I
()]
0, ko =k
Ji
< a
1oz
i3,
J2 >
Ol k 02 = k 2

jo:

In the precious chapter, the coordinate system in which the tooth surface equation
is established is located in the moving coordinate system, and the position
represented is the current position of two meshing gears. When two normal double-
circular-arc gears move relative to each other, they rotate around their respective
axes. Moreover, at any moment when the two gears are meshing, they rotate from
their initial position to their current position, and, at the current position, the rotation
angle relative to its initial position is expressed by angles ¢, and @,, respectively. At
the same time, the two tooth surfaces contact each other at the unique contact
point M.

The moving coordinate system of the normal double-circular-arc gear 1 is the
equation after gear 1 rotates around its axis Zl by an angle of ¢, at the initial
moment. Therefore, using the basic knowledge of coordinate transformation in
differential geometry, the left convex tooth surface equation of the normal double-
circular-arc gear 1 1is converted from the driven coordinate system
01{01; ?1, 7’1, ;1} to the static coordinate system 001{001; 701, 7’01, ;01}.

Combined with the equation of the left convex tooth surface of the normal double-
circular-arc gear, we can get:

cosgp, —sing; O
T :R[ZO, ](7) = | sin cos 0 (7)
( 1)01 1, @1 1 . @1 (31 1 . (2.11)
0 0 1

g e e
=Xo1 1 o1 +y01 J o1 + 201 kol

where
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. d .
xo1 = (py €08 by — 1) cos feos (61 + ;) — (m singhy + by +71) sin (0, + 1)

. . d
Yo1 = (py cos ¢y —Iy) cos Bsin (01 + @) + (P1 sing, + by +71> cos (01 + ¢,)

01 =21 = (pl COS¢1 — ll) Sinﬁ +p191

—

Matrix R[k ol (pl} is the rotation matrix of the rotation angle ¢, of the vector

(7 1) around the axis k ;.
ol
After the coordinate transformation of the tooth surface equation, it is necessary

to use the same method to convert the unit normal vector (ﬁ ]) of the left convex
1

tooth surface of the gear from the driven coordinate system o {0 i, jo, ki } to

— — —

the static coordinate system o, {001; Uols J ol kol}~ The unit normal vector

(ﬂ ])1 is a unit vector with bases € (6,), g ;(6;), and k 1. After the coordinate

transformation, the coordinate expression of the unit normal vector in the static
system is obtained:

— - — Nyol —~ nyr]? ngy 73
(1) =R[Koro | i = Tt T+ T o+ K (2.12)

where

Nyl = N1, €08 (01 + @) — nig sin (61 + @) ,ny01 =n1.8in (61 + @)
+n1g cos (01 + ¢;)

. d .
= — <p1 sing; + by —1—71) cos ¢y + (p; cos p; — 1) cos>Bsin ¢,

We can see from the above-transformed formula that the base vector of the unit
normal vector of gear 1 has changed after the coordinate transformation. It can be
seen that the coordinate system in which the unit normal vector is located is rotated
by an angle of (6, + ¢;), and the unit normal vector will be represented by 64, ¢,
and ¢, three unknown variables.

Then, using the same method, the equation of the tooth surface of the left
concave tooth of the normal double circular-arc gear 2 is transformed from the

—

driven coordinate system 02{02; i2, Jas kz} to the static coordinate system

— — —

6 {002; o2y Jons Kk 02}, which can be obtained as:
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cosp, sing, O

(72) :R|:Zo2,_§02:|(72) =| —sing, cosg, O
02 2

0 0 | (72)2 (2.13)

=Xo2 i02 +y02j 02+Z()2k02

where

Xop = ( 24 1, — p,cos 472) cos fcos (62 + @,)

7my
2
. dy\ .
— (p2singy —by = 5= | sin (62 + @)

Yoo == (% + b —p; cos (/’2) cos fsin (62 + @,)
. d
- (Pz sing, — by — 72) cos (62 + ¢,)

m .
22 =22 =Pyt — (Tz + Il — p, cos (/’)2) sin

—

Matrix R [ ko, — (pz} is the rotation matrix of the rotation angle ¢, of the vector

(72) around the axis k ;.
02

Then, the coordinate expression of the normal vector in the static system is
obtained after coordinate transformation:

- _nlr . _ =\ _ M2 7 Nyo2 2 nyk 7
(52) y =R [fon =] (), =2 Tt 2 T s 219

where

Tyon = Noe €08 (6 + @) + nog sin (62 + @) iyor = — nze sin (62 + @)
+r2, cos (62 + @5)

. d .
Nop = <p2 sing, — by — 72) cos ¢, + (ﬂTmz + I — p, cos (1)2) cos2fsin P,

We can see from the above-transformed formula that the base vector of the unit
normal vector of gear 2 has changed after the coordinate transformation. It can be
seen that the coordinate system in which the unit normal vector is located is rotated
by an angle of (8, + ¢,), and the unit normal vector will be represented by 05, ¢»,
and ¢,, three unknown variables.

The relative motion of the two gears is analyzed, and the corresponding tooth
surface equations and unit normal vectors are transformed, which provides an
important basis for calculating the contact point.
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2.3.2 Derivation and Elimination of Tooth Surface Contact
Equations

As shown in Fig. 2.3, there is a contact point M between tooth surface 1 and tooth
surface 2 in the meshing process, and the position of the contact point M will
naturally change along the contact path within one meshing cycle of the gear pair.
In the meshing process of point contact gear, it is necessary to ensure the continuous
tangent of the two tooth surfaces. The condition of continuous tangent is that the two
tooth surfaces have a common normal at the contact point M at any time. Accord-
ingly, nonlinear contact equations for determining the contact point M can be
established according to a common point and common normal condition:

(71) 2= (72) , +(0:01), =0
(71),,= (), , =0

For the second equation in the system (2.15), we should judge the sign on the left
side of the equal sign. We should consider the positive sign if the two-unit normal
vectors point to the same point at the contact point. The negative sign is considered if
the direction is opposite at the contact point. Here, when judging the pointing of the
unit normal vector, we can observe the direction of the two first-order partial
derivatives and use the right-hand rule to judge the pointing of the normal vector.

We can see that the normal vector points to the outside of gear 1 from the internal
entity. Similarly, the normal vector can be seen pointing from the external space of
gear 2 to the internal entity. Therefore, we can conclude from the above inference
that the sign in the second equation in the system (2.15) is minus.

There are six unknowns in the system (2.15), which are 61, 85, ¢, ¢, @1, and @».

When solving a nonlinear equation group iteratively, it is well-known that the less
amount of its unknowns, the easier is the implementation of its iterative solving
process. However, there are six unknowns in system (2.15), which are difficult to
solve directly. For the purpose of simplifying the solving process, we should
transform system (2.15) into its simplest equivalent form with the least unknowns
by means of the elimination artifice. The concrete eliminating steps are as follows:

(2.15)

Substituting the expressions of the components of the normal vectors (ﬁ 1)
02

and (ﬁg) ) in the second equation of system (2.15), i.e., the alleged common
0.

normal equation, yields three equations as follows:

n nig . np g .

D €08 (01 1) = 3t sin (01 + 1) = < cos (62 + @) + 17 sin (02 + )
nie . ni nye . ny
D*ITSIH(91+<P1)+D*‘§COS(91+€01):*D*;SIH(92+€02)+D*ECOS(92+%)
AT

D, D,

(2.16)
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The first two equations in (2.16) can be regarded as those containing unknown
trigonometric function variables, sin(d, + ¢;) and cos(@; + @), and can be solved
and expressed as follows:

D [(n1enag — naenyg) cos (02 + @) — (nienae + nighag) sin (62 + @)

sin (0 + @) = Dg(nle2 Jr"lgz)

(2.17)

D, [(nl,_,nzg — nzenlg) sin (6, + @,) + (nlgnge + nlgnzg) cos (6, + (pz)}

cos (01 + (ﬂl) = D2 (nle2 + nlqz)

(2.18)

Using the common point equation, the components of the tooth surface equation

are put into the first equation of the system (2.15), and three equations can be
obtained:

. d .
(% + b —p,cos 432) cos ffcos (62 + @,) — (/12 singh, — by — 72) sin (62 + @)
= (p,cos¢p, — ;) cos fcos (0; + @)

- (pl singy; + by +d71> sin (01 + @) +a— (%—&- b —pzcosqﬁz) cos f#sin (62 + ¢,)
. d .
- (/72 sing, — by — 72) cos (02 + @,) = (py cos ¢y — 1) cos Bsin (01 + ;)

. d .
+ (pl sing, + by + 7') cos (01 + ¢, )p262 — <7sz; + 1l —p,cos (/)2> sin

= (pycos¢py — 1) sin + p, 6,
(2.19)

By substituting the previously solved expressions (2.17) and (2.18) in the first
two equations of (2.19) respectively, the following two equations can be obtained:

[(ﬂlgz + I, —p, cos d)z) cosff—A| cos (02 + @,)

[ . )\ .
- B+(p251n¢2b222) sin(@, + ¢,)—a =0
- - (2.20)

[_ (mznz + 1l — p, cos ¢2) cos f3 —A] sin (62 + ¢,)

- B+(p2sin¢2—b2—%) cos (0, +¢,) =0

where
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Dy [(py cos ¢y —11) cos B(nienaze + nignag) — (py singy + by + %) (n1enag — naenyy) |

A=
Dy (m2 + mig?)

Dy [(py cos gy, — 1) cos B(nienzg — maenig) + (py singy + by + %) (n1enze + nignag) |

B=
Dy (m2 + my?)

Through the above steps, we eliminate the trigonometric function variables sin
(01 + ¢1) and cos(8, + @) in (2.19) so that the first two equations of (2.19) contain
only (6> + @»). Then, it can be solved through Eq. (2.20):

[B+ (pysing, — b, — %)]
[B+ (p,sing, — by — %2)]2 + [(B22 4 L, — py cos by) cos f— A]
(2.21)

sin(0r +@,)= —a

[(”Tmz—i—lz—pzcosqﬁz) cosﬁ—A]
(%2 + 1, — p, cos ¢y) cosﬂ—A}2 + [B+ (pysingp, — by — %)]2
(2.22)

cos (0, +¢@,)=a

Here, using the trigonometric function that the sum of squares is one, that is,
sin?(0, + @2) + cos’(0, + @>) = 1, we can obtain:

2 2
{B%—(pzsinqﬁz—bg—%)} —i—[(ﬂTm%—lz—pzcosd;z)cosﬁ—A} —a*=0
(2.23)

So far, we eliminated (0, + ¢;) and (6, + @), leaving only two unknowns ¢; and
¢> in the equivalent equation (2.23) after elimination. Since one equation cannot be
solved with two unknowns, we observe that the third equation in (2.16) also contains
only two unknown parameters ¢, and ¢,. Therefore, by combining the third term in
Eq. (2.16) with Eq. (2.23), we can obtain a binary nonlinear system of equations
about ¢; and ¢5:

) 2
fi(d1 ) = {B+ (ﬂzSinff’z*bZ* %)} + TJrIZ*/’zCOS(ﬁz) cos f— A} =0

(JT my

f2(¢l’ 4)2) =D,

(py cos ¢, — 1) cos*Bsingy, — (pl sing, + by +%> cos¢1:|

— D, sz sin ¢, — by — %) cos ¢, + (”Tmz+ b—p, coszﬁz) coszﬁsin(pz} =0

(2.24)
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So far, there are still three unknown parameters and two angle sum equations in
the contact equation, and the solution of the new system is the same as that of the
original system. Therefore, to make the system well-conditioned, we need to add
an equation or assign a specific value to one of the three variables, 6;,¢;, and
@, to obtain the other parameters to determine each contact point.

2.4 Instantaneous Transmission Ratio of a Gear Pair

In gear transmission, the instantaneous transmission ratio i, should be equal to the
nominal transmission i;,. The instantaneous transmission ratio we can obtain from
the movement condition of gear transmission is expressed as follows:

o)
Vi, -n=0 (2.25)

. . ., . . = .
Since the axial positions of the two gears are relatively unchanged, 0,0, is a
constant vector and the relative velocity at the contact point M is:

V12 :(wl)alx(rl)ol_(wz)(ﬂx(rz)(ﬂ (226)
According to the relationship shown in Fig. 2.3, it can be seen that:
(51) 1:’51’;01,<52) 2:—‘52‘202 (227)

In combination with (2.44), (2.45), and (2.46), the instantaneous transmission
ratio i}, can be expressed as:

By bringing in the various components of (7 1) ,(72) ,(ﬁ 1) ,(172) Nles
ol 02 ol 02

N1g,M2.,M0g,P1,P2 WE Can get:

> g g > Py Nyor o nor 1.
|:k02><(x02102+y02]02+Z02k02)i|'(5(;2102+5_2.]02+Digk2
ok

=

SN— [ N—

- e e - Nl + Nyol s N -
|:k01 x (xol 1 o1 +y01.] 01+Zolkol>:| : ([)_01 1ol + D, Jol +D_1kl
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g e Ny o Nyop + n
<y021027x02.102)'(5022 02+D 102+ Zkk >

= e n 1 n
. , ol =+ )
(y(;]ltll_-xol_’gl)'(511 0]+ X ‘101+D_]:\k1

Nxo2 Nyo2
o Vo2 D, — Xo2 D, D, Yoalxo2 — Xo2Pyo2 (2 29)
=T B ™ Da Yorler ot ~
yol D —Xol D, 2 Yo1Mxol 0lllyol

where

iy .
Yo2lxo2 = Xo2Myo2 = |: T +b— Po COS ¢2) COSﬁ sin (02 + (p2)

d .
( pasing, —by — 72> cos (02 + @) | [n2e cos (02 + @,) + nag sin (62 + ;)]

_ {(”’2"2 + b, — p, cos ¢2) cos ffcos (62 + ¢,)

. dy\ . .
— (ﬂz singh, — by — 72> sin (62 + @,) | [ — n2e sin (62 + ¢,) + nzg cos (62 + ¢,)],

Yoilxol = Xotftyo1 = | (py cos py — ) cos Bsin (1 + @)

. d
+ <P1 sing; + by +71> cos (61 + ;)

[nll, cos (01 + @) + nogsin (6> + goz)]
- [(ﬂl cos ¢y —Iy) cos fcos (01 + ¢y)

. d . .
_ (Pl sing, + by +71> sin (6, + ;) [nlesm (61 + 1) + nigcos (6 +(p1)}

So, (2.29) can be written as

v Dl — (% + 1, — p, cos ¢2) cos fip, cos fsin ¢, — (p2 sing, — by — @)pz cos ¢,
27D, (py cos ¢y — 1) cos fip, cos Bsingyy — (py sin g, + by +%)p, cos ¢,

Dy d — (% + I, — p, cos ¢2) cos 2B sin ¢, — (p2 sing, — by — —) cos ¢,
D, d, (py cos ¢y —1y) cos 2Bsin gy — (p; sin g, + by + %) cos ¢,

(2.30)

In combination with the third equation in (2.16), it can be concluded that:
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Dy dy — (% + L, — p, cos ¢2) cos 2,6 sin ¢p, — (p2 sing, — b, — ‘12—2) cos ¢,

i, =
12 D, d, (pycosgh; —Iy) cos?fsing, — (p] sing; + by +%) cos ¢,
Dy dy —ny dy

Dy dy ny dp

(2.31)

According to the Eq. (2.31), we can see that the transmission type of a double-
circular-arc gear pair is continuous ratio transmission. Moreover, the instantaneous
transmission ratio is equal to the nominal transmission ratio.

2.5 Fundamental Quantities of Two Tooth Surfaces

According to Eqgs. (2.2) and (2.3), the first and second fundamental quantities of the
helical surface of the left convex tooth of the normal double-circular-arc gear can be

obtained as follows:
5(71)1 5(71)1 d g
El = ael . ael = <p] Sin d)] + b] +2) (232)
+(p) cos ¢, —11)? cos 2B, + p,>

o), (7

Fi= 50, 5% L =p, cos B(by sinp; — 1y cos ¢y + p;) (2.33)
_ 1, 1 _ 2
G1="34 3p, M (2.34)

The second partial derivatives of 8, and ¢, can be obtained through the tooth
surface equations:

(1) B, | 0\ -
Tzl = —(picos¢p; —l)cospe (61) — (/)1 sing; + by +7) g:(61) (235)

?(),

00,09,

”(r),

0¢,°

= —picosey €1(61) —pysing cosfg (61) (2.36)

= —picospycosfe1(01) —pysing; g 1(61) —p; cos sinﬁzl (2.37)
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According to the relevant theories of differential geometry and according to
(2.35), (2.36), and (2.37), the second fundamental quantity of the convex tooth
helical surface can be obtained by the dot product:

_ piEisinfsing, +pF)

L
! Dyp,
M= Fi smﬂsllr;d)l + PPy ’ (2.38)
1
_ _—Pimig
N = Dy sin g,

According to (2.7) and (2.8), the first fundamental quantity of the helical surface
of the left concave tooth of the normal double-circular-arc gear can be obtained as
follows:

E,= 8(72>2 : a<72)2 = (Pz sin¢p, —by — é)2

36, 30, ) (2.39)
+(Z2 + b — py cos hy)” cos > + py?
8(72)2 8(72)2
2= 50 5 (2.40)
=—p, cosﬂ[pz —bysing, — (ﬂTmz + lz) cos ¢2}
Gy — 5(72)2 . 8(72)2 _ .2 (2.41)

Y

Similarly, the second partial derivative of the concave tooth surface can be
obtained according to the above steps.

*( 72
2
(2.42)
*( 7,
agzagb)zz = —p,co8¢h, €2(—02) —p,sing,cosfg,(—6,) (2.43)
(7, -
a(d)z)z:chOSf/’zCOSﬁ?z(—Qz)+p2sin(/)2§2(—92)—p2c0s¢2sinﬂk2
2

(2.44)
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The second fundamental quantity of the concave tooth helical surface can be
obtained as:

L= — prEs sinfsin g, + poFa M= — Fsin #sin ¢, — pyp, Ny = PaN2g
D ’ D, ’ D, sin ¢,

(2.45)

2.6 Moving Frames on Two Tooth Surfaces

At any contact point M, we can use the relative positions of the two coordinate
systems to calculate the relative principal curvature of the gear pair. They are

) [, (=D — (1) — Q) [, (=@ —(2) -
o {o:(a77) . (@), (), fand o {ar: (@), (a)).. (2), -
The two main directions on the spiral plane are solved as follows. In the frame
61{01; i1, J1, ki } in order to obtain the normal curvature and short-range
torsion on the helical surface of the normal double-circular-arc gear more easily, it
is necessary to determine two mutually perpendicular principal directions, i.e.,

(1 (1 . . . . .
(aé ))1 and (af7 >> . on the helical surface. Since the helical surface is a binary
0 .
equation about #; and ¢, the unit tangent vector (aé >) of the fixed surface is
1
taken as the unit tangent vector of its line ¢;; then, at any point M on the helical

surface, the principal direction (E?)) | can be obtained by the following formula:

(E(gl))l = a(ai/)‘) = — sing, cosfe (6)) + cos, g,(6;) — sing, sinﬂ;]
ri
o, ‘
(2.46)

Then, the other base vector ((_if?l)>1 of the movable mark frame
¢ n

unit tangent vector of the helical surface of the gear, can be determined according to
the right-hand helical rule:

(a’;‘))l - (a’?))] - (a,g}))]?l(el) n (a,g;>>l§’1(91) + (a,(;))lfl

{M; (5(1))1, (55(1))1, ﬁl} on the helical surface of the gear, that is, the other

where
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(),

. . n
_ (cos &, %lf—&— sin ¢, mnﬁD—lf),(a’(&))l

= (sinqﬁl sinﬁ% — sing, cosﬁgl‘),(a'(é))l
1 1

= <sin¢>1 cosﬁ’#+ cos¢lge>
1 1

The two main directions on the spiral plane are solved as follows. In the frame

— —
62{02; i2, Jo ko }, in order to obtain the normal curvature and geodesic torsion

on the helical surface of the normal double-circular-arc gear more easily, it is
necessary to determine two mutually perpendicular principal directions, i.e.,

(2 (2
(aé ))2 and (af7 >>2, on the helical surface. Since the helical surface is a binary

. . (2 .
equation about 8, and ¢,, the unit tangent vector (aif )) of the fixed surface is
2
taken as the unit tangent vector of its line ¢,; then, at any point M on the helical

surface, the principal direction (Ef))z can be obtained by the following formula:

~

o(72),

) . - - . .7
(aé >)2 = a(afz) =sing,cosfer(—0,)— cosgp,g,(—60) — sing, sinfk,
r
Cr
(2.48)
Then, the other base vector (3?) of the movable mark frame

— 2 — 2 — .
{M; (aé ))2, <ot,<7 ))2, n 2} on the helical surface of the gear, that is, the other

unit tangent vector of the helical surface of the gear, can be determined according to
the right-hand helical rule:

where
. Mg . . Ng
( ) = cos ¢, Dy sin ¢, smﬂ—D2 ,
2 o Nk . . ny,
(afw)) = sing, cos 8 D, + sin¢, sin f Dy’

2 _ . n2g noe
(“:(u)) =— ( sin ¢, cosﬂD—2 + cos ¢, D—2)
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— — . — (1
Giventhat (n,) =(n 2) at the contact point M, the four vectors (agj )) )
o
— (1 (2 —(2 .
(a( )) , (aé )) , and (a( )) lie on the common tangent plane of the two
" Jo2 02 )2

meshing tooth surfaces. Therefore, the relative positions of the two frames can be

(5‘22))02‘

The principal directions are the expressions after a coordinate transformation. The
transformation is as follows:

(1
determined by the directed angles from (af§ )) X to

W 7 — (1) ) hrd )7 n7
<a§ )01 :R|:k01’ §01i| (af )1 :aéx) L +aév)‘l ol +aéz)kol (250)

Because the coordinate system is parallel,

— (1) — (1) )i )7 N7
(aé )02: (a‘f )01 :aéx) Lo +aéy>] 02 +a§z)k02 (2.51)
where
(xgc) = — sing, cos fcos (01 + @) — cos ¢, sin (6; + ¢,),

ag) = — sin¢, cos Bsin (0) + ¢;) + cos ¢, cos (0; + ¢,),
aél) = — sing; sinf
—(2) - 2 - - N
(“5 )OZZR[ko% —(Pz} (ag )2:0‘9 Lo+ ag)J o2 +a§> k » (2.52)

where

ag) = sin ¢, cos fcos (62 + @,) — cos ¢, sin (6, + @,),

ag) = — sin¢, cos fsin (6, + @,) — cos ¢, cos (02 + @5),

az): — sing, sinf
—(2) - —(2) - - =
(“n )(,QZR[koz, —fpz}(an )2=a§§)toz+af§)1,,z+a,§§>koz (2.53)

where

a,(;) = (af?i))z cos (6, + @,) + (a,%)z sin (6, + @,),

aﬁg,) = — (afﬁ))z sin (60, + ¢,) + (a,%))z cos (6 + @,),

2)

= (af;))z

al
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2.7 Curvature Parameters of Two Tooth Surfaces

According to the solution method of the curvature parameters in gear meshing
theory, the normal curvature and mean curvature of any point on the surface can
be obtained by two fundamental quantities of this point:

 Ld®* 4 2MdOd¢p + Ndg?
Ed®* + 2FdOd¢ + Gd >

_ LG —2MF + NE

- 2(EG-F?)

(2.54)

n

(2.55)

In (2.54), let df = 0; then, the principal curvature along the principal direction
— (1 .
(aé )) | can be obtained as:
_N —Nig

m_Ni_
ke = G, Disingp, (2.56)

According to the relationship between the normal curvature and average curva-

(1))1 can be

ture, the principal curvature along the principal direction (Zf 0

expressed as:
KD =2H, — k) (2.57)

(
Given that df = 0, the expression of the main direction (aé )>1 can be

rewritten as:

7 o(r o(r o(r
@)= ) T

Dotting both sides with %z

S\ A7), o(7), (7))
g, _ (“f )1 % _ o & _ 1 (2.59)
ds (%), o(7), )P M
1 1
b7 P17 a4,

Therefore, the geodesic torsion on the helicoid of the convex teeth along the main

direction (5?)) 1 can be obtained:
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2
40 0
(1) 1 (ds) (%)zFlNl—plel

= piDy | En Fio G| ™ \ds p1D:
L M, N, (260)
-1 Fy(nig +p, sin/}sin2¢1)+ 5
plzD% sin¢1 P1 P

Similarly, the curvature parameters of the concave tooth surface can be obtained
according to the above steps.
In (2.54), let df = 0; then, the principal curvature along the principal direction

( Eéz)) , can be obtained:

@_ Ny —ny
ke = G,  Disingp, (2:61)

—(2

The principal curvature along the principal direction (a” )2 can be

expressed as:
K2 =2H, — k&) (2.62)

Therefore, we can calculate the geodesic torsion of the concave tooth along the

NG
main direction (aé >) :
2

F (nzg — p, sin B sin 24)2)
sin ¢,

2 2
2 d F>N M 1
) ( ¢z) 2Ny — pr"M» Doy

7 = =
¢ ds paD> p2*D3

(2.63)

2.8 Relative Curvature Parameters of the Gear Drive

At any contact point M, we can use the relative positions of the two coordinate
systems to calculate the relative principal curvature of the gear pair. They are

W) [y (=D — (1) - @) (2, (=@ -2 -
o {4 (4) . (@), (i) } and oo (7). (4)7), (2), )
the relative position of which is shown in Fig. 2.4.

(1 —(2 —
The directed angle y from aé ) to aé ), measured along the common normal n |,

can be used to determine the relative location between the two frames a,(V}) and 0,(5).
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Fig. 2.4 The relative
position between two tooth
surfaces

Obviously, the value range of the directed angle is [0, 27), and its sine and cosine
values can be respectively obtained by the following two formulas:

. —(1) -2
smy= - (a‘f )02 . (a” )02 - ( éx) '(7)‘) —l—aé\) o +af(:z) '(73)) (2:64)
— (1) —(2) 1) (2 ) (2 N (2
cosy = (a P )02 . (af )02 :aéx>a£=x) + aéy)aéy) + a(éz)a(éz) (2.65)

Through the generalized Euler formula and Bertrand formula, we can calculate

—(2 —(1 . .
the relative curvature along aff ) and aé ) at the contact point M of the gear pair:

7521) kg) cos 2y + k(l) sin%y + 2121) siny cosy (2.66)
s —k< ) sin2y + k( ) cos 2y — 274 siny cos (2.67)
k, v y —2t; sinycosy :

%él) = (kﬁll) - kél)) sinycosy + Tél) (cos 2y — sin 2)/) (2.68)

(2 (2
The relative curvature parameters of the gear pair along with aé ) and a; ) can

be solved as follows:

12) _ 20 _ @ 02 30 @) 02 A0 @)
ket =k: =k KD =k, — kP =7 — 1 (2.69)
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2.9 Relative Principal Curvature and the Relative Principal
Direction of the Gear Drive

Calculating the relative principal curvature of the contact surface can provide a
theoretical basis for judging whether there is curvature interference in point contact
gear pairs and can help determine the contact ellipse at the contact point. In the
previous chapter, we defined the angular position relation of the two moving
coordinate systems at the contact point. In this section, we propose a more reason-
able and effective method to calculate the relative principal curvature based on the
traditional local synthesis method.

Based on the generalized Euler formula, two relative principal curvatures k(,lz)

(12
and kém of gear pairs along their principal directions g (1 )

can be obtained. The results are as follows:

—(12) .
and g, ', respectively,

k<112> = kém cos e + k,(712) sin%e; + Tém sin 2¢; (2.70)
kélz) = kélz) cos ey + k'(712) sin%e; + 1212) sin 2¢; (2.71)

()
in which the angles £, and &, are the directed angles from the vector aé ) to the two

relative principal directions §§12) and fg’;”) of the gear pair measured along the

common normal, respectively. The values of &, and ¢, are determined according to
their value ranges as:

12) (12)

5 <0
P (12) L (12) =
k’? kf

(
e
(12 _ k‘(512)

&= ,eo =€ +90° (272)

| 27212) TélZ)
90° — 3 arctan 0 —kélz) , 12 —kélz) >0
n n

. o L (12 (12 .
Moreover, the two relative principal directions g (1 and g; ) can be obtained
— 2 — 2 .
by means of the two unit vectors aé ), o }(7 ) and the two directed angles &, and &,,

respectively, as below:

(12) ) . —(2)
(g1 )02100581((15 )02+ smsl(a” )02 (2.73)
- (12) () . —(2)
= 2.74
(g2 )02 COS€2((X§ )02+ 81n£2(a,7 )02 ( )

Since the direction of 7 is from the inside to its outside, the two relative

principal curvatures k<112> and k(zm must satisfy k&lz) <0 and kélz) <0 to avoid the

curvature interference around the contact point M.



2.10 Numerical Example Study 55

Theoretically, the momentary contact of the gear drive at a contact point will
extend to an elliptical region due to the elasticity of its tooth surfaces. From Hertz
theory, the size (semi-major axis a, and semi-minor axis b,) of a contact ellipse can
be determined as follows:

ae= 240 _ | 2A¢ (2.75)

min ( kglz) , kglz) ) kglz)

be= 248 _ | 248 (2.76)

max ( k(112) , k(212) ) k;lZ)

in which the symbol A, is a constant, the value of which is usually taken to be

A= 0.00635 mm for the gear drive. Moreover, the contact ellipse with the solid line

(12
(the major axis coincides with g<1 )) corresponds to the case of kglz) <kg12) as

shown in Fig. 2.4, whereas the contact ellipse with the double dots line (the major
(12
axis coincides with g; )) corresponds to the case of k(l12> > kgm.
So, the corresponding radius vectors of the two end points A and B of the long

axis of the instantaneous contact ellipse are:

(71A)02 - (?1>02 +ae(§1>02,<713)02= <7l>02 —ae(§1)02 (2.77)
(7%)02 - (72)02 + ae(gl)oz’(723)gz - (72)02 —de(§1)02 (278)

2.10 Numerical Example Study

This chapter determines the helical surface equation of a normal double-circular-arc
gear, and the corresponding theoretical formula of tooth surface meshing of a gear
pair is established. This chapter will introduce how to calculate the contact path
boundary of a gear pair, determine the meshing reference point, analyze the method
of obtaining each contact point, and put forward the corresponding calculation
principle.

2.10.1 Main Technical Parameters

Based on the results of tooth contact analysis, a numerical example of the meshing
characteristics of normal double-circular-arc gear transmission is provided. The
main parameters of the normal double-circular-arc tooth profile are designed by
referring to the basic tooth profile parameters of the double-circular-arc gear GB/
T12759-1991 in the gear manual.
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Table 2.1 The basic parameters of a normal double-arc gear pair

Parameter Code and formula The numerical
Center distance a (mm) 181
Normal module m (mm) 5

The number of teeth in gear 1 Z, 24

The number of teeth in gear 2 Z, 46

Drive ratio i1n 23/12
Helical angle = arc cos ( (@1+2 )( 7) 14.7937
Diameter of indexing circle of gear 1 dy = éﬁi‘p (mm) 124.1143
Diameter of indexing circle of gear 2 dy = (::l)?/} (mm) 237.8857
Helical parameters of gear 1 p1 =d, cot 2 234.9791
Helical parameters of gear 2 P> = dy cot pl2 450.3766
Coefficient of tooth width [ 0.8
Tooth width b = ¢,a (mm) 144.8
Arc radius of convex tooth surface p1 = 1.3m (mm) 6.5

Arc radius of concave tooth surface p1 = 1.68m (mm) 8.4
Center offset of convex profile I, = 0.5298m (mm) 2.6445
Center offset of concave surface I, = 0.6994m (mm) 3.4970
Displacement of center of convex surface by = 0.02m (mm) 0.12
Displacement of center of concave surface by = 0.03m (mm) 0.15

In this chapter, a set of circular-arc gear transmission parameters are selected to
carry out a numerical example study of transmission. The basic parameters of the
gear pair in the calculation example are shown in Table 2.1.

2.10.2 Calculating Method for Instantaneous Contact Point

According to the binary nonlinear equation (2.24) obtained above, two unknowns ¢;
and ¢, can be solved. By substituting the results in (2.21) and (2.22), the values of
sin(6, + @) and cos(6, + ¢»), respectively, can be obtained. Thus, (6, + ¢,) can be
obtained using the inverse trigonometric function. Then, by substituting the values
of sin(6, + ¢,) and cos(0, + ¢,) in Egs. (2.17) and (2.18), the values of sin(@; + ¢1)
and cos(f; + ¢,), respectively, and the value of (6; + ¢;) can be obtained.

Then, through the last equation in the common point equation (2.19), the relation
between 6, and 6, can be obtained as follows:

(p1cos gy —pycos y — i + b + "5 sin f + p, 6
P>

0, =f(61) =

1 /amy

_n 1
) 0, + (p] Cos ¢h; — p, COS ) —|—p2 ( > -+ lz) (2.79)
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So far, there are still three unknown parameters and two angle sum equations in
the contact equation, and the solution of the new system is the same as that of the
original system. Therefore, to make the system well-conditioned, we need to add an
equation or assign a specific value to one of the three variables, 81,¢;, and ¢,, to
obtain the other parameters to determine each contact point.

Before the numerical simulation, we should determine the tooth surface boundary
equation. First, we should establish the plane Cartesian coordinate system O; —
Xr1YRr1, Where point O, is located at the center of the gear, the xg; axis is the axis
direction of the gear, and yg, is the radial direction of the gear. r,, ry, and ry
represent the radius of the gear apex circle, indexing circle, and root circle, respec-
tively. h, and Ay represent the gear’s apex height and root height, respectively.

The coordinates of any point on the helical surface of the gear satisfy the
following mapping:

XR1 =201 = (p) cOS ¢y — 1) sin f + p, 6, (2.80)

2
. d
Yri =1/ Xy = \/(Pl cos by —1)* cos 2B + (ﬂl singy; + by +2]> (2.81)

Two major boundary equations of the tooth surface can be obtained:
Left-hand side boundary equation:

Xr1 = —Lp/2 (2.82)
Right-hand side boundary equation:
XR1 :Lb/2 (283)

A single variable ¢, determines the values of the addendum and root equations. In
the previous chapter, we solved the binary nonlinear equation and obtained the value
of ¢, to determine the position of the contact point in the direction of the tooth
height.

The contact end of the contact path is along the tooth length direction. Therefore,
we can determine the value range of variable #; using the tooth width equation as
follows:

e(lmax): Lb/zf(pl cos ¢, 711)5111,5 (284)
P1

g(lmin) _ _Lb/z_(pl ;OS¢1 —l])SlIlﬁ (285)
1

Equations (2.84) and (2.85) are the equations for determining the two end points
of the contact path, which we should guarantee to be within the range of the desired
contact points during numerical calculation.
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After determining the two contact end points of the contact path, we can assign
values within the value range of variable €, and determine the internal contact points
by solving contact equations. Then, we can get the values of 6,,¢;, and ¢,.

2.10.3 Numerical Results

When solving nonlinear contact equations, there are generally two critical problems
to be solved: one is to determine the existence of the solution and the other is how to
provide an appropriate initial value for an iterative solution. If the technical param-
eters are set improperly, then their answers will not exist in the given solution
domain. This means that the two tooth surfaces are separated and that the scheme
is unreasonable. After the process parameters are reset, the nonlinear contact equa-
tions need to be solved again. Even if the system has no solution result, it may have
obvious physical significance and the judgment of the existence of the solution can
provide a theoretical basis for the selection and setting of parameters.

First, the nonlinear equation (2.24) are solved. By putting each parameter value
into the formula and using MATLAB to plot the intersection of two nonlinear
equations, the initial iteration value can be determined. Then, the F solve function
is used for iteration to obtain the exact value of the solution. So, we can find the
nominal pressure angles ¢; and ¢,. As shown in Fig. 2.5 below:

(_'J‘?(o)

26,78 [+

2252. et SR C PR fsssanesrianio

PR STOe A SR TR (L LTt T e B D S o ———
f‘:’1( )

22.92 25.78 28.65 s 34.38

Fig. 2.5 A graph of the intersection of two nonlinear equations
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The data of ¢, and ¢, are shown in Table 2.2:

The values of sin(6, + ¢») and cos(6, + ¢») can be obtained by substituting the
results in Table 2.2 in (2.21) and (2.22), respectively. Then, combined with (2.17)
and (2.18), we can get the values of sin(d; + ¢;) and cos(€; + @), which are listed
in Table 2.3:

After obtaining the result of 8, using (2.84) and (2.85), the numerical result of 6,
can be obtained by combining Eq. (2.79), which is listed in Table 2.4:

The meshing interval is determined according to the maximum and minimum
values. We can obtain multiple instantaneous contact points by bisecting the area
with the reference points as the center. Therefore, the contact points are numbered,
and the numerical solution is solved iteratively using MATLAB. So, we can get the
values of ¢; and ¢, at particular points. The calculation results of each point are
displayed in Table 2.5.

Each point is plotted on the coordinate diagram of the gear, and the contact trace
is plotted by the interpolation method. The results are displayed in Figs. 2.6 and 2.7.

Besides, the sizes of the instantaneous contact ellipses are determined from (2.77)
and (2.78) based on the relative principal curvatures obtained above. The major axes
of contact ellipses are also drawn in Figs. 2.6 and 2.7. Not only that, the values of the
directed angle y at all the contacts are obtained from (2.64) and (2.65). Here,
siny = 0.0277 and cosy = 0.9994. The value of y is constant at every contact
point, y = 1.5876°.

We have expounded that, in the proximity of a contact point, the condition of

avoiding curvature interference is that both of the relative principal curvatures k(llz)

and kglz) be less than 0. Consequently, the values of the relative principal
curvatures in Table 2.5 indicate that the bearing contact patterns of the gear pair
do not have curvature interference. After observing Figs. 2.6 and 2.7, it is easy to
discover that the contact paths of the tooth surface couples can cover the whole
thread length of the gear. This further implies that this kind of a gear pair has a
larger contact ratio.

T:fbllte 2.fZ T(hednumerical o) 28.1494
results of ¢, and ¢, $-(°) 21.0791
T;ble Zf’t Sir;e atrllld c<r)fsine Tooth face 1 sin(0; + @) cos(8; + @1)
values of two tooth surfaces 0.9966 0.0829

Tooth face 2 sin(@, + @) cos(@> + ¢2)

0.9986 0.0504

Ta(})gﬂ 2.4 Tl}e \]/alues' of 6, The left endpoint The right endpoint
and @, at particular points 0.0) 178476 174638

0(°) ~9.0986 9.3278




Table 2.5 The parameter calculation results of contact points on two tooth surfaces

Contact point @D &) ® @ ® ®
$1(°) 28.1494  |28.1494 | 28.1494 | 28.1494 | 28.1494 | 28.1494
$2(°) 210791 |21.0791 | 21.0791 | 21.0791 |21.0791 | 21.0791
60,(°) —17.8476 | —14.3171 | —10.7865 | —7.2559 —3.7254 —0.1948
0-(°) -9.0980 |—7.2559 |-5.4139 |-3.5719 |-1.7298 |0.1122
@1(°) 104.9601 | 101.4296 |97.8990 94.3684 90.8379 87.3073
@2(°) 94.3426 92.5006 90.6586 88.8165 86.9745 85.1325
—(12) —0.6085 —0.6085 —0.6085 —0.6085 —0.6085 —0.6085

ki (um)

NGP _ _ _ _ _ _

z ; >(,um) 35 35 35 35 35 35
Z,1(mm) —72.4 —57.9272 | —43.4478 | —28.9683 | —14.4889 |0
V2, + ¥ (mm) | 65.3029 65.3029 65.3029 65.3029 65.3029 65.3029
Zoo(mm) —72.4 —57.9272 | —43.4478 | —28.9683 | —14.4889 |0
\/M(mm) 116.1718 116.1718 116.1718 116.1718 116.1718 116.1718
Contact point @ ©) a ®
$1(°) 28.1494  |28.1494 | 28.1494 | 28.1494 | 28.1494 | 28.1494
$2(°) 210791 |21.0791 | 21.0791 | 21.0791 |21.0791 | 21.0791
0:(°) 2.7483 5.6914 8.6345 11.5776 14.5207 17.4638
0,(°) 1.6477 3.1833 4.7188 6.2543 7.7898 9.3254
@1(°) 84.3642 81.4211 78.4780 75.5349 72.5918 69.6487
@2(°) 83.5969 82.0614 80.5259 78.9904 77.4548 75.9193
—(12) —0.6085 —0.6085 —0.6085 —0.6085 —0.6085 —0.6085

ki (um)

ENGY _ _ _ _ _ _

2 ; >(,um) 35 35 35 35 35 35
Z,1(mm) 12.0606 24.1307 36.2008 48.2708 60.3409 724
V2, + ¥ (mm) | 65.3029 65.3029 65.3029 65.3029 65.3029 65.3029
Z,5(mm) 12.0606  |24.1307 | 36.2008 | 482708 | 60.3409 | 72.4110
\/M(mm) 116.1718 116.1718 116.1718 116.1718 116.1718 116.1718
» .' ! : ! ! ;

.\‘31 + ‘1',,31 [#mn] : i
©

85 [rorermgem g
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Fig. 2.6 A projection drawing of the contact path on gear 1
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Fig. 2.7 A projection drawing of the contact path on gear 2

The lengths of the major axes of the contact ellipses and their orientations in
Figs. 2.6 and 2.7 are determined from (2.82) and (2.83), respectively. Figures 2.6 and
2.7 depict that the orientations of the major axes of the contact ellipses are roughly
along the contact path. Moreover, the length difference between the contact paths of
the two tooth surface couples is almost 0, which indicates that the meshing of these
two tooth surface couples is almost symmetric.

2.11 Conclusion

This chapter presents a new type of a circular-arc gear drive with a circular tooth
profile in its normal section. The gear is designed as a new gear, the normal section
of which is arc-shaped, and the tooth surface equation of the arc-shaped gear is
established by the spherical vector function. The tooth profile is relatively simple,
and its point-contact meshing theory is well-established and investigated. The tooth
surface equations, the normal vector equations, the meshing equations, and so on, are
all acquired for this type of a circular-arc gear drive. In accordance with the tooth
contact analysis principle, the contact equation groups are established to ascertain its
momentary contact points. To expediently solve the preceding equations with six
unknowns, the elimination artifice is adopted to transform it into its equivalent form
with three unknowns, thus making the angular position relationship between the two
moving frames located at the contact point clear, and, based on this, the relative
principal curvature of the gear pair is correctly determined.
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The numerical cases show that the gears proposed are instantaneously in point
contact, tooth surface meshing belongs to point contact, and the contact trace is
roughly along the direction of the tooth length. The gear pair can accomplish
constant ratio transmission, and its velocity ratio can be completely equal to the
nominal transmitting ratio by rigorous derivation. The calculation results of the
relative principal curvature show that there is no curvature interference in tooth
surface meshing. Its meshing behavior is good in terms of its geometry using its
bearing contact pattern.
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Chapter 3 )
Helical Bevel Novikov Gears Gecie

Michal Batsch

3.1 Introduction

Bevel gears are widely used in high-power drives in which shaft axes cross at a
specific angle. They are implemented, e.g., in drive trains of aircraft propulsion
systems (e.g., as the main rotor or tail rotor gears) as well as in the automotive
industry (in drive axles). Helical bevel gears are the most commonly used due to
their durability. Tooth surface topography largely depends on the machining
method. Leading bevel gear machine tool manufacturers such as Gleason and
Klingelnberg have developed software (GEMS or KiMOS) to aid in the design of
such gears. These software feature modules enabling tooth contact analysis and
geometry optimization for the correct contact pattern (VHJ analysis) and strength.

There have been repeated attempts to improve bevel meshing performance by
making topological modifications by means of machining with a positive feedback
loop [1-3] as well as application of nonconventional tooth profiles. One such profile
is the Wildhaber profile, in which circular arcs are present in the normal section
[4]. The mathematical framework for modeling this mesh form, generalized over
three different gear types, is presented in the study by HouJun et al. [5]. An example
of the application of this type of meshing in a bevel gear pair is a nutation drive, in
which double circular-arc gearing is used [6]. The bevel gears in the study featured a
loxodromic flank pitch line, which offers certain benefits when machined on 5-axis
milling centers [7].

Another unconventional profile employed in bevel gear pairs is the eccentric-
cycloid profile [8] in which the pinion teeth’s profile is a circular arc in the frontal
section, whereas the gear teeth’s profile is an equidistant curve of an epicycloid. The
fundamentals of mathematical modeling and tooth contact analysis in reference to
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cylindrical gears are presented in the study by Li et al. [9]. The profile was also
applied in bevel gear pairs used in machines and cable railways [10, 11].

Another profile type is the convexo-concave Novikov profile, in which circular
arcs appear in the frontal section [12]. The application of the profile in cylindrical
gears enables the enhancement of load capacity [13], durability [14], or a reduction
of the gear pair’s overall dimensions [15]. In the literature, we may find early
attempts to implement this type of profile in bevel gears with a circular-arc flank
pitch line [16]. Studies such as those by Korotkin et al. [17] and Radzevich [18]
provide fundamental information on the geometry and its selection for this type of
gear teeth.

This chapter presents a mathematical model of a bevel convexo-concave
Novikov-type mesh. Based on this model, tooth mesh simulations were carried
out, designed to determine the effect of modifications and the gear axis position
error on the contact pattern and transmission error. The results were compared with
those of a conventional spiral bevel gear pair of the DUPLEX helical type.

3.2 Mathematical Model of a Gear Mesh

3.2.1 Coordinate Systems

This study analyzes an external bevel gear pair with an axis intersection angle X and
a helical tooth pitch line in which the pinion has a concave profile and the gear has a
convex profile (Fig. 3.1).

The fixed coordinate system f'is related to the gear housing, and moving systems
1 and 2 are related to the pinion and the gear, respectively. The convex and concave
surfaces of the pinion teeth X, ., and X;., are represented in system 1 by position
(1& and r(li)v, respectively. Similarly, the surfaces of the gear teeth X,., and
>,y are represented in system 2 by position vectors rgzcl and r(ziz,, respectively. The
pinion rotates around axis z; by angle ¢, whereas the gear rotates around axis z, by
angle ¢,. Ideally, in a deviation-free gear pair, the gear axes intersect at the apex
point of their pitch cones A. Tooth flanks may be presented in a fixed coordinate
system as (3.1) and (3.2):

vectors r

rgfc)x,cv = RS(I ﬁf) ' rgii,cv, (31)
I‘g(:)x,cv = RS(2 Hf) : rgﬁi,cv, (32)

where Rs(1 — f) is a homogeneous matrix of transformation of system 1 to f and
Rs(2 = f) is a homogeneous matrix of transformation of system 2 to f. An
additional coordinate system % (Fig. 3.2) was introduced in order to allow for gear
position errors resulting from, e.g., assembly or manufacturing errors.

Accordingly, the gear will rotate around the new axis z,, shifted by vectors V, H,
J of the coordinate system /. Considering Figs. 3.1 and 3.2, transformation matrices
from systems 1 and 2 to fare given as (3.3) and (3.4), respectively:
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pitch cone: gear

pitch cone: pinion

Fig. 3.1 Coordinate systems in bevel meshing analysis

Rs(1—f) =Rt(p,. Z), (33)

Rs(2—f)=Rs(h—f) - Rs(2—h), (3.4)

where matrices Rs(2 — h) and Rs(h — f) are expressed by formulas (3.5), (3.6),
respectively:

Rs(2—h) =Rt( — ¢,, Z), (3.5)

Rs(h—f)=Tr(H,X) -Tr(V,Y) - Tr(J, Z)-

“Tr(re; — rea cos (7 — £), X) - Tr(rez sin (7 — £), Z) - Rt(— X, Y), (3.6)

and r., 7e; are the outer pitch radii of the pinion and the gear, respectively. The
rotation operator Rt and the translation operator Tr are defined in Appendix D [18].
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Fig. 3.2 An additional P2
coordinate system

3.2.2 Tooth Surfaces

The tooth profile was defined in the outer transverse section, as shown in Fig. 3.3.

The location of the profile contact point B is defined in the outer transverse
section by the external pressure angle a,. The O’ point is the center of the convex
profile with radius p.;, whereas O is the center of the concave profile with radius pe,.
Point C is the central point of meshing, which corresponds to the contact point of the
back cone pitch circles. Depending on the assumed drive side of the pinion, the
contact is made between the convex surface of the pinion tooth and the convex
surface of the gear tooth or between the concave surface of the pinion tooth and the
convex surface of the gear tooth.

The tooth profile for the concave side of the pinion tooth may be expressed by
vector (3.7)

Pe1 €08 01 — dy Sin oy
Pe1 SINO 4 dcoy cos oy
0
1

7 —Rt(—4),Y)-

pricv —

: (3.7)

where 0, is the tooth profile parameter. The teeth are tapered. Therefore, the defined
profile should be re-scaled so that tooth height and thickness at apex point A equals
zero. Furthermore, in order to determine the helical bevel surface, the profile will be
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Fig. 3.3 A Bevel Novikov gear in its initial position (¢, = ¢, = 0): (a) a view, (b) axial section,
and (c¢) outer transverse section

shifted along axes xy, y|, z; by appropriate coordinates of the bevel helix and rotated
around axis z;. In view of the above, the concave surface of the pinion tooth is given
as (3.8)
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r{ =Rt(— 1, Z) - Tr(xnt. X) - Tr(iys ¥) - Tr(zn, Z) - Sea(ra /rer) - Torleys

(3.8)

where { is the helix parameter, Xux1, Yhx1» Znx1 are the coordinates of the helix
wrapped around the pitch cone of the pinion (3.9), r,; is the pitch radius in the
current section (3.10), and Sca is the scale operator (3.11),

H
Xnxl = (rel — 2174’;1 tan 51) cos ¢,

Yhx1 = (rel - Hzl—ifl tan51> sing; » (3.9)
_ Hig,

Zhxl = 0
1l =rel — Hzfl tan 5, (3.10)

Sca(k) = , (3.11)

0
0

S o o =

> O
(I = )
- o o O

[
tan
radius, ry,; is the mean pitch radius, and S, is the mean spiral angle.

The profile of the gear tooth’s convex surface is given by vector (3.12)

where H| =2nry, is the spiral lead on the pitch cone, r.; is the external pitch

Per €080 — (py — py +dcor) sin oy

Pe2 Sin0x + (py — py + dcoy) cos

K =RE(3, Y) - . . (3.12)

1

The helical bevel surface of the gear tooth is determined similarly to that of the
pinion (3.13)

ri =Rt((5, Z) - Tr(xia, X) - Tr(pea, ¥) - Tr(zn, Z) - Sea(r/re)

2cx

)

’ rprZCx’ (313)
where {5 is the helix parameter, Xpx2, Ynx2, Znx2 are the coordinates of the helix
wrapped around the pitch cone of gear (3.14), and r,, is the pitch radius in the current
section (3.15),
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X2 = — (rez _ a6 tan 62) cos &y

2n
Yhx2 = (rez - sz,fz tan 62) sing, > (3.14)
_ Hx,
Zhx2 = 0
T2 =Tey — szfz tan 5, (3.15)

cos &,
tan f,
radius, and ry,, is the mean pitch radius.

The profile of the convex side of the pinion tooth may be expressed by vector

(3.16)

where H, =27rmp is the helix lead on the pitch cone, r,., is the external pitch

Pe1 €080 —dcoy Sin oy
Pe1 SINO) + dcgr cos oy
0
1

r(l) :Rt( — 01, Y) . Rfy(xlevl) :

pricx

, (3.16)

where Rfy(X Z) is the symmetry operator relative to plane XZ (Appendix D,
Eq. (D.51) in [18]). Thus, the convex surface of the pinion tooth is represented by
vector (3.17)

rit =Rt(— 1, Z) - Tr(xiet, X) - Tr(ipygs ¥) - Tr(zn, Z) - Sea(™/, ) -rll)

pricx
(3.17)
The gear tooth profile for the concave side is given by the formula (3.18)
Per €086 — (py — py + dcor) sina
rﬁ%av =Rt(6,, Y) - Rfy(xy02y2) - Pea sinbz 7+ (12 _Opl + deo) cos e . (3.18)
1

The concave surface of the gear tooth is therefore given as (3.19)

ro, =Rt(0y, Z) - Tr(xia. X) - Tr(a. ¥) - Tr(zne, Z) - Sea(ra/re) - P,

(3.19)

The unit normal values to the tooth flanks may be determined by Eqgs. (3.20) and
(3.21):
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81‘5') orl) .
oxev s exev
(1 _ 9 06,
nlcx,cv* 51‘(11‘) ar(ll) ‘ 5 (320)
aC{ X 20,
ari” or?
2exev e Z2exev
2 _ 06 00,
n2cx,cv - ) 2) 5 (321)
ar2cx.cv X achx.cv
00, )

although they are not shown here in their expanded form due to their complexity.

3.2.3 Modifications

Tooth flank modifications are conveniently defined and presented against a curvi-
linear coordinate grid, provided they are connected with the tooth profile and flank
the pitch line. The modification is introduced in the calculations by means of
relationship (3.22)

r?m = rfi) - C,-nl@, (3.22)
where rj(i) is the vector of the modified surface, rgi) is the vector of the nonmodified
surface, nm is the unit normal to the nonmodified surface, and C; is the amount of

modification, with i = 1,2 referring to the pinion and the gear, respectively. In this
case, instead of the nonmodified surface, the analyses make use of the surface with
modification described by vector (3.22). It should be noted that a positive modifica-
tion is one that goes deep into the material (toward the tooth), whereas a negative
modification is one that is applied to the outside of the material (toward the tooth
space). This chapter describes the modification proposed in the study by Batsch [19],
shown using the example of the pinion tooth surface in Fig. 3.4.

The amount of modification at any grid point is calculated by parabolic interpo-
lation based on the nodes presented in Fig. 3.4.

3.3 Tooth Contact Analysis

3.3.1 Meshing Equations

To achieve consistent contact between surfaces at a given point, the condition in
vector equation system (3.23) must be fulfilled.
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dedendum

la S

addendum inner section

Fig. 3.4 A topological modification of the pinion tooth surface in a bevel Novikov gear

{1‘@(91, & 9)=13(62, &, @) (3.23)

HY)(«%, ¢ @l):ngv)(gz, $o. 92)

where n') and n{) are the unit normal values to the tooth surface in system f. The
first equation in the system ensures that the mating surfaces have a common point.
The tangency of the surfaces is ensured by the equality of the unit normal values.
Considering the identical length of vectors nsf) and ng ), system (3.23) may have the

form of a system of five Eq. (3.24)

O &) =202 o 02)
W, & 0)=30: &0 92)
ZY)(el’ Cis C”l)zzg)(ez, & 0a) (3.24)
”@(917 i (91):”9(92, &2 92)
ng)(ﬁl, ¢ (ﬂl):”y@(ez, $2s o)

This system of usually nonlinear algebraic equations may be solved for consec-
utive discrete values of the pinion rotation angle ¢;, numerically by means of, e.g.,
the Levenberg—Marquardt algorithm [20, 21] or the trust region algorithm [22]. In
such a case, we obtain solutions in the form of (3.25)
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01(01):¢1(91):02(01).L2 (1) 02 (1) (3.25)

The use of the above relationships in formulas (3.1) and (3.2) allows us to
determine the line of action in the form of (3.26)

rl =1 0101, Ci(01), 01) =13 (02(01), &2(01), 02(01)). (3.26)

Their inclusion in vectors r1 (61, {)) and r2 (92, {,) yields the path of contact
on the surface of the pinion tooth (3.27) and the gear tooth (3.28):

b =11 (01 (1), ¢ (01),s (3.27)

rie, =15 (02(00)). o). (3.28)

Moreover, relationship ¢,(¢;) makes it possible to determine the transmission
error. This error may also be established by other methods. One of them, more
conveniently applied to complex surfaces, is described in Sect. 3.3.2.

Differentiation of the first equation in system (3.23) with respect to time ¢ helps
determine the kinematics of the meshing. The application of the theorem of the
complex total derivative [23] leads to the absolute velocity (observed in the fixed
coordinate system f) of contact point (3.29)

B orl) B argﬁ Opy o a9, or" e, B
Vi = 5 =3, 0t T 00 ot T oc, ot
B ory) B ord) 29, orY 20, oY o,

ot 0, ot Y00, 0t T3, ot

, (3.29)

where a =, is the pinion’s angular velocity and % =@, is the gear’s angular
velocity. Each component of absolute velocity (3.29) is interpreted as relative
velocity v; (3.31) connected to the motion relative to the tooth surface and as
transfer velocity v; (3.30) connected to the motion of the pinion and tooth coordinate
systems:

arfﬂ 09
Vi = a(pl : at s (330)
() )
or;’ 00; or]’ 0¢ (331)

T R PR TR TR

where index i = 1,2 refers to the pinion and the gear, respectively. The difference
between transfer velocity for individual gears corresponds to sliding velocity
(3.32) is
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Vi2 =V — Vi, (3.32)

which is the velocity of the contact point assigned to the pinion tooth surface relative
to the contact point assigned to the gear tooth surface.

3.3.2 Ease-Off Topography and Transmission Error

Determining the transmission error using the method described in Sect. 3.3.1 at times
proves problematic, since it involves solving equation system (3.24). The equation
system is often complex due to elaborate analytical expressions describing tooth
flanks. Therefore, a method was developed for determining the transmission error of
surfaces considered discrete. This concept is presented in the study by Klingelnberg
[24]. The method was designed to analyze bevel and hypoid gear pairs and was
implemented in KiMOS, a computer-aided bevel and hypoid gear pair design system
by Klingelnberg. This subsection discusses the author’s implementation of the
method.

It assumes a perfect mesh between the pinion tooth surface X and the gear tooth
surface X,, i.e., one in which the gears are rotated by angles resulting from the
theoretical gear ratio i;, = 2,/7; = @/@,. Surfaces in the nth position are shown in
Fig. 3.5.

It is assumed that the pinion rotation axis z; is aligned with axis z; of the fixed
coordinate system f and the surfaces in that system are given by vectors (3.1) and
(3.2). In each position n resulting from the discretization of gear rotation angles,
between the surfaces there is a certain distance measured along the arc with radius

/ 2 2 ~
RAO;)zc = (x%ﬁ) + (y%ﬂ) corresponding to the length of arc ky,, =M M,, where

M, is a point on the surface X; with coordinates zgf) and M, is a point on the surface

Fig. 3.5 Tooth flanks in the n
nth position zf.,z 1 21 Rupe
= e

) -,
Vi & o
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%, with coordinates zgf) = %c Angle ¢y, by which surface £; would have to be

rotated in order for points M, and M, to overlap, is the central angle corresponding to
the length of arc ko, = MM, and can be determined based on coordinates as (3.33)

. . 2 . . 2
V& )+ (0 i)

Pror = 2 arcsin 7 (3.33)
2RM2C
The distance between the flank surfaces is expressed as (3.34)
kior = RV (3.34)
kor M2cPxor: .
In each nth position, there is a certain minimum distance k;‘(‘)ir“ with its
corresponding angle ™" . The relationship between the minimum angle ™" and

the gear rotation angle ¢, determined discretely for all n positions constitutes the
transmission error. In addition, in a specific nth position, the distribution of distances
keor On surface X, is referred to as an instantaneous Ease-Off. The Ease-Off is
generated in the form of the lowest-lying envelope of instantaneous Ease-Offs for
all n positions. The greatest challenge of the method is to specify the location of
point M, on surface X, that corresponds to coordinate z(lf ) = zl(ll)% and radius RI%C.
The issue may be easily solved by interpolation in the cylindrical coordinate system
egf) RV,
c 7 2c %2

3.3.3 Contact Pattern

In a gear pair, the contact pattern is the area where the contact takes place between
the mating tooth surfaces. It is created by the elastic deformation of teeth due to
forces exerted on the meshing. A “geometric contact pattern” is defined as an
approximation of the actual contact area exclusively based on the geometric prop-
erties of the surfaces in contact. In other words, it is determined without taking into
account the relationship between the deformation and forces applied or the type of
material used.

There are many methods of determining the geometric contact pattern. They
include, among others, methods based on mathematical models [3, 25-27] and
methods using computer-aided design (CAD) systems [28, 29]. The use of CAD
systems involves the mutual penetration of three-dimensional (3D) tooth models to a
depth corresponding to the thickness of the gear marking compound applied in gear
pair testing or expected deformations. The contact pattern has the form of a flaky
construct generated through logical multiplication of thus positioned solid shapes.
To visualize the movement of the contact pattern, the above operation must be
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performed for consecutive discrete positions arising from the gear solids’ rotation
angles. This method has been detailed in the study by Sobolak [30]. Its equivalent is
the method that involves finding the curve of the intersection of tooth surfaces
supplied in an analytical manner [3]. Another method is the one proposed in the
study by Litvin et al. [26]. The contact pattern is determined as the area for which the
distance between the points on the surfaces in contact, measured along the common
normal, is lower than the set amount. In order to determine the contact pattern, the
method uses an approach similar to determining Hertz contact stress for point contact
[13, 31]. It is only based on the main curvatures of surfaces, and the contact pattern
resulting from the local approximation of surfaces is always elliptical [27]. The main
drawback of the method is the possibility of performing only a local analysis,
without taking into account, e.g., the edge contact. Moreover, it is of limited use
for nonelliptical contact patterns, which occur, e.g., in gears with an eccentric-
cycloid profile [32] or in Novikov gears with a convexo-concave profile [33]. The
last method, described in more detail in this chapter, is the one in which the contact
pattern is determined as a set of points for which the distance between tooth flank
surfaces, measured along the unit normal to the pinion tooth flank, is lower than the
set value [25]. The method makes it possible to determine edge and nonelliptical
patterns, as experimentally verified for cylindrical Novikov gears [34] and eccentric-
cycloid meshing [32].

Let us consider a gear for which the mating tooth surfaces £, and X, are given in a
fixed coordinate system fby vectors (3.1) and (3.2), respectively. The contact pattern
is determined on the basis of vector equation (3.35), resulting directly from Fig. 3.6.

v(61.¢) + (61, ¢) =Y (6. 02). (3.35)

where k is the distance between the tooth flanks measured along the unit normal to
the pinion tooth surface. The above equation can be solved based on the distance
k and the gear tooth surface parameters 6,, {, for all discrete pinion tooth surface
parameters 64, {. The points for which the distance & is smaller than the assumed
value form the contact pattern. Assuming that the gears revolve around axis z, the

Fig. 3.6 Determining
distances between mating
tooth surfaces
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Fig. 3.7 The proposed
method for determining
distances between mating
tooth surfaces

contact pattern is conveniently presented as a projection on plane ry;, z; where
N 2 2
ry1 = (xm) + (y&f)) is an arbitrary radius of the pinion.

Solving vector equation (3.35), representing a system of three algebraic, usually
nonlinear equations, is problematic and time-consuming even if numerical methods
are employed [20, 21]. For this reason, it is recommended that the solution should be
approximated by means of a geometric method. The author proposes a method
(Fig. 3.7) in which the gear tooth surface is presented as a grid of triangles, which
can be accomplished using a common method of triangulation by Delaunay [35].

Next, for each point on the pinion tooth surface M;, we determine point M5, at
which the gear tooth surface triangle intersects with a straight line normal to the
pinion tooth surface, which can be accomplished by the algorithm described in the
study by Moller and Trumbore [36]. The point for which the distance IM;M,| is
lower than the set distance is plotted on the chart, forming the gear pair’s contact
pattern.

3.4 Results

The results of the calculations are presented for a Novikov gear pair with a gear ratio
i1 = I and an axis intersection angle £ = 120°, the data of which are listed in
Table 3.1. Gear pairs of this type are used, e.g., in milling cutters as well as in
intermediate tail gearboxes in helicopters.

3.4.1 Ideal Gear Pair

The results of tooth contact analysis for the ideal gear pair (free from axis position
errors and flank surface modifications), rotating at pinion’s angular velocity
@ = 104.72 rad/s (1000 rpm), are shown in Fig. 3.8. They were obtained by solving
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Table 3.1 Data of the analyzed Novikov helical bevel gear pair

Parameter Pinion ‘ Gear

Mean normal module, mm My = 2.5

Number of teeth 71 =135 ‘ 7 =135

Shaft angle, ° X =120

Overlap ratio es =133

Face width, mm b =20

Mean spiral angle, © Pm =30

Hand of spiral right Left

Normal pressure angle, ° o, =25

Translation of the convex tooth profile, mm dcor =0

Profile convex concave
Outer profile radius, mm Pe1 = 5.32 Pe2 = 5.43
Outer pitch diameter, mm d.; = 118.35 deo, = 118.35
Outer tip diameter, mm dae) = 122.58 daer = 118.52
Outer root diameter, mm dre) = 117.61 drer = 113.55
Pitch angle, ° 61 =60 5, = 60

two equation systems (3.24) for the concave and convex side of the pinion, for all
discrete values of its rotation angle. In this manner, the line of action (3.26) and
sliding velocity (3.32) were determined (Fig. 3.8).

If the concave surface of the pinion tooth is the drive side (Fig. 3.8a), then the
teeth begin to mate at point B for angle ¢, = 0, where the sliding velocity is
maximum and equals Ivi;| = 0.56 m/s. As the gears rotate, the point of contact
moves along the meshing line to point B’ for angle ¢; = 0.2286 rad, at which the
sliding velocity drops to Ivi;l = 0.40 m/s and the tooth contact is terminated.
Meanwhile, for the convex drive side of the pinion (Fig. 3.8b), the teeth begin to
mate on the small modules side at point B’ for angle ¢; = 0.2286 rad, at which the
sliding velocity assumes a minimum value Iv{;| = 0.40 m/s. Teeth mating ends at
point B for angle ¢, = 0, at which the sliding velocity increases to 1v{,] = 0.56 m/s.
The meshing line in this type of gear pair is a straight line, the direction of which
corresponds to the direction of segment AB, with A being the apex point of the pitch
cone. As in a helical Novikov gear pair, the path of the contact point on tooth flanks
is the {-line of those surfaces, corresponding to the position of point B. The gear pair
maintains a constant gear ratio; no transmission error occurs. For Ease-Off charts and
contact patterns determined for the thickness of the marking compound k = 4 pm,
refer to Fig. 3.9.

Contact patterns are elliptical, making an edge contact as they enter and leave the
mesh. Moreover, Ease-Off charts allow us to observe areas of potential tooth
interference (marked with a red ellipse). The phenomenon is visible in the form of
long and narrow contact patterns at the pinion tooth base.
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Fig. 3.8 The line of action and sliding velocity in a bevel Novikov gear for the following drive
sides: concave side of the pinion (a) and convex side of the pinion (b)

3.4.2 Effect of Tooth Surface Modifications

In order to visualize the effect of tooth flank modifications, tooth contact analyses
were carried out for the Novikov gear pair characterized by the data listed in
Table 3.1 with the following modification parameters (according to Fig. 3.4):
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Fig. 3.9 Results of tooth contact analysis for the Novikov gear pair without modification: Ease-Off
chart for the drive on the concave side of the pinion (a), Ease-Off chart for the drive on the convex
side of the pinion (b), contact patterns for the drive on the concave side of the pinion (¢), and contact
patterns for the drive on the convex side of the pinion (d)

Climod = glemod = 0.0171 mim, Cﬂil = Cﬂel = 0.01 mim, Hlamod = 0.1745 rad,
H]fm(,d =0.0463 rad, Cocal =0.01 mm, Cocfl =0.02 mm, CZimod = CZemod =0.0171 mm,
C/}i2 = Cﬁe2 =0.01 mm, ezamod =0.1745 rad, ngmod =0.0873 rad, Coca2 =0.05 mm,
Cor> = 0.01 mm. The modification grid is shown in Fig. 3.10.

Applying a tooth flank modification led to an evenly distributed shape of the
Ease-Off chart, which assumed minimum values in the areas of the expected tooth
contact (Fig. 3.11c, d).

The transmission error does not occur: the gear pair maintains a constant trans-
mission ratio, with transmission charts at the beginning and the end of mesh
assuming a shape approximating that of a parabola (Fig. 3.11a, b). Moreover,
tooth line modifications helped avoid an edge contact pattern at the beginning and
end of the tooth contact (Fig. 3.12).

Due to profile modification, the minor axis of the ellipse is shortened, moving the
pattern away from the gear and pinion addendum, thus preventing interference.
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Fig. 3.11 Results of tooth contact analysis for the modified Novikov gear pair: transmission error
for the drive on the concave side of the pinion (a), transmission error for the drive on the convex
side of the pinion (b), Ease-Off for the drive on the concave side of the pinion (c), and Ease-Off for
the drive on the convex side of the pinion (d)



3.4 Results 83

60|
_ 55
-~
S
=501
~
45
0 5 10
Z", mm

(a)

Fig. 3.12 Tooth contact pattern in the modified Novikov gear pair: pinion’s concave side (a) and
pinion’s convex side (b)
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Fig. 3.13 Transmission errors and contact patters in the Novikov gear pair, with axis transmission
errors, determined for the concave side of the pinion tooth: V = 0.05 mm (a), H = 0.05 mm (b),
J = —0.05 mm (c)

3.4.3 Effect of Gear Position Errors

The effect of gear position errors is exemplified by their three values: V = 0.05 mm,
H = 0.05 mm, and J = —0.05 mm. The results of the tooth contact analysis for the
concave side of the pinion tooth as the drive side are shown in Fig. 3.13.
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Fig. 3.14 Transmission errors and contact patters in the Novikov gear pair, with axis transmission
errors, determined for the convex side of the pinion tooth: V = 0.05 mm (a), H = 0.05 mm (b),
J = —0.05 mm (c)

The hypoid offset error V has the greatest impact on motion transmission quality.
For V = 0.05 mm, the transmission error was 250 prad. The gear position error
H = 0.05 mm generates a transmission error of 47 prad and a reduction in the contact
area due to its shift toward the pinion’s tooth root. The gear mounting distance error
J = —0.05 mm causes an inconsistent motion transmission of 93 prad and shifts the
contact pattern toward the pinion’s tooth addendum, which also results in a reduction
of its surface area. The same relationships are observed with the convex side of the
tooth pinion as the drive side (Fig. 3.14).

3.4.4 Comparison with a Conventional Helical Bevel
Gear Pair

This section contains a comparison between a Novikov gear pair and a DUPLEX
helical spiral bevel gear pair. The macrogeometry of the conventional gear pair
corresponds to that of the Novikov gear pair, with data listed in Table 3.2.

The choice of its microgeometry as well as its configuration parameters
(Table 3.3) was aided by the KiMOS software.

Tooth flank surfaces were generated with the use of one of many available
mathematical models [3]. The surfaces obtained in this manner made it possible to
apply the methods described in Sects. 3.3.2 and 3.3.3 to analyze the tooth contact.
The results are displayed in Fig. 3.15.

The transmission error was 81.8 prad for the concave side and 62.5 prad for the
convex side. They correspond to the values obtained with the use of the commercial
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Table 3.2 Data of the. Parameter Pinion ‘ Gear
analyzed DUPLEX helical
. . Mean normal module, mm Mym = 2.5

spiral bevel gear pair
Number of teeth 72 =135 |2 =35
Shaft angle, ° =120
Face width, mm b =20
Mean helix angle, ° Pm =30
Hand of spiral Right Left
Outer pitch diameter, mm d.; = 118.35 de, = 118.35
Outer tip diameter, mm daey = 121.32 daer = 121.34
Outer root diameter, mm diey = 114.33 drer = 114.63
Pitch angle, ° 6, =60 5, = 60

Table 3.3 Machine settings for a DUPLEX helical spiral bevel gear pair

Parameter Pinion Gear
Radial setting, mm 56.8575 57.3172
Blank offset, mm 0.5612 0
Machine root angle, ° 52.7893 58
Sliding base, mm 3.0510 5.7013
Ratio of the gear roll 1.138497 1.153997
Helical motion 1-ord., mm/rad 4.389823 0
Swivel angle, © 24.0198 —23.2722
Tilt angle, °© 1.1917 7.0247
Start roll position, © —48.8120 42.5192
Machine center to cross-point, mm —0.4465 0
Tool profile angle, © Concave 14.3330 12.0002
Convex 29.4913 28.0002
Tool radius, mm Concave 57.9744 57.9399
Convex 56.3255 56.3601

software KiMOS: 79.5 prad and 61.6 prad, which confirms the correct implemen-
tation of the method of determining transmission error as well as surfaces generated
by simulated machining. The shapes and locations of the contact patterns (Fig. 3.15)
approximate those determined with the help of commercial software.

Figure 3.17 compares the surface areas of instantaneous contact patterns as a
function of the pinion rotation angle for the modified Novikov gear pair (Fig. 3.12)
and the DUPLEX helical gear (Fig. 3.15).

The Novikov gear is characterized by a larger contact area than that of the
conventional gear, regardless of whether the concave side or the convex side is the
drive side. For maximum values, the contact area in the Novikov gear pair is
approximately 80% greater (for the concave side of the pinion tooth) and approxi-
mately 60% greater (for the convex side of the pinion tooth) than the contact area of
the DUPLEX helical gear pair. The results are in line with those of earlier analyses
for bevel gears of different geometries [19]. Considering the above as well as the fact
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Fig. 3.15 Results of tooth contact analysis for the DUPLEX helical bevel gear pair: transmission
error for the drive on the concave side of the pinion (a), transmission error for the drive on the
convex side of the pinion (b), Ease-Off for the drive on the concave side of the pinion (c¢), and Ease-
Off for the drive on the convex side of the pinion (d)

that the maximum sliding velocity in the DUPLEX helical gear pair, which is equal
to 0.803 m/s, is approximately 1.5 times that of the maximum velocity in the
Novikov gear (0.557 m/s), we may expect that the gear with the convexo-concave
tooth profile offers greater durability or load capacity. This was proved in experi-
mental studies with regard to spur gear teeth [14].

Figure 3.18 lists the transmission error values for comparable gear pairs
depending on the values of the gear position error.

An analysis of Fig. 3.16 reveals that the greatest impact on the transmission
quality of the bevel Novikov gear pair is exerted by the hypoid offset error V and
negative values of errors H and J. Even minimal values of those errors cause the
transmission error to rise significantly. For positive errors H and J, the values
approximate those of the DUPLEX helical gear pair, which maintains an almost
constant value of the transmission error. Consequently, the Novikov gear pair is
more sensitive to gear position errors than is the conventional gear pair.

3.5 Conclusion

A series of simulations were carried out on the basis of the mathematical model of
Novikov bevel gear teeth and the proposed calculation methods. It was demonstrated
that the designed modification of tooth flanks enables the elimination of the edge
contact pattern and tooth interference. Moreover, simulations were carried out aimed
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Fig. 3.16 Tooth contact pattern in the DUPLEX helical gear pair: pinion’s concave side (a) and
pinion’s convex side (b)
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Fig. 3.17 Surface area of the contact pattern as a function of the rotation angle of the pinion in the
Novikov gear pair and the DUPLEX helical gear pair: the pinion’s concave side (a) and the pinion’s
convex side (b)
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Fig. 3.18 Transmission
errors for the Novikov gear
pair and the DUPLEX
helical gear pair depending
on the hypoid offset error
V (a), gear position error
H (b), and gear mounting
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at a comparison between a bevel Novikov gear pair and a conventional (DUPLEX
helical) gear pair. Following an analysis of the results, the following conclusions
were formulated:

+ Instantaneous contact patterns in the bevel Novikov gear pair are larger
* The maximum sliding velocity is lower in the Novikov gear pair
» The Novikov gear is more sensitive to gear axis position errors

Based on the above conclusions, we may formulate a thesis that the bevel
Novikov gear pair will be characterized by a greater surface load capacity
(or durability arising from such a load capacity) than the DUPLEX helical gear
pair, as long as the following conditions are met:
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Fig. 3.19 A sample 3D
CAD model of the helical
bevel Novikov gear

» The gear case is accurately manufactured
* Gear datum surfaces, as well as gear teeth, are machined with precision
* Bearing rigidity

The above thesis should be experimentally verified in further research. To this
end, the mathematical model designed here may be used for developing a 3D CAD
model of gear teeth (Fig. 3.19) and subsequently used in finite element method
(FEM) simulations and gear tooth machining programming in a computer-aided
manufacturing (CAM) system.
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Chapter 4 )
Hyperboloidal-Type Normal Circular-Arc s
Gearing

Houjun Chen, Zhilan Ju, Xiaoping Zhang, and Chang Qu

4.1 Introduction

The conception of a normal circular-arc tooth profile was first presented in
Wildhaber’s helical gearing, which features a convex-to-concave line contact of
tooth flanks in the gear drive with parallel axes. The absence of knowledge in the
theory of gearing may be the root cause of why the manufacturing of Wildhaber’s
helical gearing failed. Fortunately, considering a transverse circular-arc tooth profile,
Novikov gearing was proposed and successfully manufactured to achieve convex-
to-concave point contact of mating tooth surfaces. Both Wildhaber’s helical gearing
and Novikov gearing were loosely unified with a new incorrect name, Wildhaber—
Novikov gearing.

What are the essential attributes of Novikov gearing? First, is the tooth profile on
each a normal circular arc or a transverse circular arc? This is a significant difference
between the ideas of these two inventors, and, especially, though the modulus is the
same, a set of special hob cutters are required for the generation of the pinion and
gear in Novikov gearing with a different number of teeth and different spiral angles,
respectively. It increases the difficulty of the production, and, actually, both the
design of the special cutters and the machining of Novikov gearing are usually
carried out based on a normal circular arc in the manufacturing process. Obviously,
the theory is divorced from practice. This would seem to show that a normal circular
arc is one of the significant characteristics of Novikov gearing. Second, is it on a line
meshing or a point meshing? Wildhaber proposed designing a line meshing gear pair
but by applying the principle of mismatching of generating surfaces to generate
gears with a localized bearing contact; however, Novikov directly constructed a pair
of mating gears with point contact and was the first one to apply mismatched tool
surfaces to achieve the generation of helical gears [1]. Actually, both are the same,
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and, viewed from different perspectives and understandings, the two can be unified
under the framework of the mismatching principle of conjugation, i.e., the point-
contact processing of the line meshing pair.

Following the principle of molding-surface conjugation, hyperboloidal-type nor-
mal circular-arc gearing is proposed as a novel improved version of Novikov gearing
to transmit motion and power between two orthogonally crossed axes. The basic
principle of molding-surface conjugation is introduced in detail, and the general
principle of normal circular-arc gearing is systematically discussed to establish the
theoretical basis for constructing novel types of gearings. The generation of the
pinion and mating gear in HNCGing is presented, mathematical models of conjugate
tooth surfaces are established, and the curvature properties of mating tooth surfaces
are analyzed. An integrated manufacturing software system for HNCGing is devel-
oped, which connects computerized design, generation, simulation of meshing and
contact, and the tool path planning and cutting simulation of NC machining in a
single application platform.

4.2 Basic Principle of Molding-Surface Conjugation
4.2.1 Molding Surface

Definition 4.1 Suppose that R(s) is the radius vector of a point on a C* continuity
spatial curve, d(s, 0) is the offset distance function describing the distance of a point
from a C' continuity planar curve to the spatial curve. In this chapter, the spatial
curve is called the directrix and the planar curve is called the generatrix. S(s, 6)
defines a molding surface by the radius vector function:

S(s, 8) =R(s) + d(s, 8)( sinOe;(s) + cos ey (s)) (4.1)
where
s is the arc-length parameter of the directrix;
0 is the profile angle parameter of the generatrix; and
ex(s), are the orthogonal unit vectors that are both perpendicular to the unit tangent vector of
e3(s) the directrix.

As shown in Fig. 4.1, {P; e, e, €3} is a moving frame of reference set in the directrix
Cgy, in which e, is the unit tangent vector of Cy; then, the locus of the generatrix C, in
the normal plane {P;e,,es} of C4, moving with the moving frame along Cg4, forms
the molding surface y. The sets {S(s, ), s = const} and {S(s, 8), & = const} are two
families of curves C,, C, on the surface y, which constitute the orthogonal system of
lines of curvature of the surface.

The geometry of the molding surface is mainly governed by the shapes of the
generatrix and directrix, and molding surfaces with various shapes can be
constructed by the shape change and relative motion of the two to satisfy different
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Fig. 4.1 A representation
of a molding surface

requirements. In engineering practice, three kinds of familiar structural surfaces can
be placed in the same category as molding surfaces, namely,

(i) Surface of revolution: Here, the generatrix is coplanar with a fixed axis of
rotation and the directrix is a circle, the center of which is at the axis and lies on
the plane perpendicular to the axis.

(i) Developable surface: Here, the generatrix is a straight line and the molding
surface is the envelope of a one-parameter family of planes.

(iii) Normal circular-arc surface (also known as tubular surface): Here, the gener-
atrix is a circle, the center of which is at the directrix, and the molding surface is
the envelope of a one-parameter family of spheres.

4.2.2 Conditional Equation of Molding-Surface Conjugation

Definition 4.2 The case that a pair of molding surfaces is always in tangential
contact along a commonly owned generatrix in their rotating process about two fixed
axes is called molding-surface conjugation [2].

As shown in Fig. 4.2, a pair of conjugate molding surfaces y", y® is in tangential
contact along the generatrix C, and their directrices Cgl),Csz) are simultaneously
tangent at the point P, which is called the conjugate point of the directrices. A shared
moving frame, {P; a;, o, 03}, is set at point P, and, thereinto, a; is the common unit
tangent vector of ijl),Cff). The rotational axes A_1, A_2 of ', y® are placed with
the center distance A and the shaft angle X. A fixed orthogonal right-handed
coordinate system, {0(1); i(l’, j(l), k(l)}, is established at the axis A_1, and, thereinto,
i is the unit directional vector of the common normal line 0V0® of the axes A_l,
A_2, and k" is the unit directional vector of the axis A_1.

Let Q1 Q@ be the angular velocities of y/(l), 1//(2) about the axes A_1, A_2,

respectively; the following relationships can be obtained from the theory of gearing:
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Fig. 4.2 Sketch of
molding-surface

conjugation
(1) 2) 2)
Q| =92 0@ = dp? | 12 oon_ger o (4.2)
dt dt ° ‘Q(l)}’
where
@ | is the rotational angle of y” about the axis A_i, and the superscript i = 1, 2 denotes the
quantities pertaining to y'" and y'® of the pinion and gear, respectively. Similarly,
hereinafter;
t is the time variable;
1 is the speed ratio; and
QY | s the relative angular velocity between " and @,

Without loss of generality, the following discussions on the kinematics and
geometry of conjugation are based on the assumption that / is constant and IQ" = 1.

According to Definition 4.2, a pair of conjugate molding surfaces is tangentially
located along the generatrix, and their directrices are usually in tangential contact at
the conjugate point (except developable surface conjugation). Because the moving
frame can be flexibly chosen so long as the unit tangent vector of the directrix is one
of three coordinate vectors of the frame, a shared moving frame associated with the
directrices can be appointed to uniformly describe the kinematics and geometry of
conjugation. In this case, the offset distance functions and the profile angles, which

define the common generatrix of y/“), l//(z), will be identical in form in this shared

frame. According to Eq. (4.1), the families of surfaces ", y®, which are generated
by the rotations about the axes A_1, A_2, respectively, can be described by the radius

vector functions:
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- s (s, 6, o) = B(pM)SD (s, 8) = £D) (51, o) 43)
+d(sin 00(3 + cos fary) '

y@ - O (52, 0, p®) = B(p2)S?) (s, 6) =r® (52, @) 44
+d(sin 9053 + cosfoy)

where

B((p(i %) | is the rotation group about the axis A_i (i = 1,2), as seen in Chen et al. [2];

s@ is the radius vector of the surface ' in the rotating process;
(i) . . . . P i
r is the radius vector of the directrix Cg in the rotating process, which is equal to B(¢")
R(i). and
%3 | are the coordinate vectors of the shared frame, which are equal to B(¢p @) )e(z'),B ((p('>)eg>,
respectively.

The significant feature of molding-surface conjugation is that the kinematics and
geometry of conjugate surfaces are discussed by means of a pair of directrices of the
conjugate surfaces rather than the conjugate surfaces themselves. According to
Fig. 4.2, the basic equations of molding-surface conjugation can be established as
follows:

rl) — p@ = 4iM
(4.5)

aj:a}l):aj@ (=1, 2, 3)

Differentiating Eq. (4.5) with respect to ¢ and simplifying the expression, the
differential equations of molding-surface conjugation are obtained:

o (ds(l) —ds(z)) —vl(, )dqo( ) (4.6)
ods) — @@ ds® =V dp" '

where

ds®” is the arc differential of the directrix C((ji) (i=12)

v | is the relative linear velocity of point P, which is equal to Q2 x ¢ — AQ@ x iV); and
(i)

®

is the angular velocity of infinitesimal rotation of the shared frame at Cfp.

Taking the vector product of the first expression in Eq. (4.6) and a;, as well as the
dot product of the second expression and o, the conditional equations of molding-
surface conjugation are obtained:
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Vl(Dzl)XaIZO (4 7)
9(21) -0l =0 ’

Here, the first expression indicates that the directrices of the conjugate surfaces
are tangent at the conjugate point, and their common unit tangent vector must be
collinear with the relative linear velocity of the conjugate points of the directrices.
The second expression indicates that the common unit tangent vector must be
orthogonal to the relative angular velocity of the directrices.

Case 1: Conjugate condition of developable surfaces

Definition 4.3 The case that the line of contact of conjugate molding surfaces is a
straight line in the movement is called developable surface conjugation.

In this case, a pair of conjugate molding surfaces is the developable surface, the
generatrix of which is the straight line, and their directrices can slide along the line of
contact at the conjugate position, while the conjugate surfaces are still tangent
without the effect of the sliding, as shown in Fig. 4.3. In the shared moving frame
{P; oy, 0, 003}, oy is the unit tangent vector of the directrix Cél), , is the unit
directional vector of the straight generatrix C,, and, naturally, o3 is the common
normal vector of the conjugate developable surfaces. Combining Figs. 4.3 with 4.2,
and referring to Eq. (4.5), the basic equations of developable surface conjugation can

be arranged as follows:

(4.8)

r(l) _ (r(z) — lsaZ) :Ai(l)
=o' =a® (=1, 2, 3)

7

where

Fig. 4.3 Sketch of
developable surface
conjugation
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Is |is the relative sliding quantity between Cgl) and ng) along C,, i.e., the distance from P to P.

Differentiating Eq. (4.8) with respect to ¢ and simplifying the expression, the
differential equations of developable surface conjugation are obtained as:

o [ds) = (14 142 )ds)] + o, = v dg V)

(4.9)
oNds) — @@ds? = Q2D dp0)

where

k(gz) is the geodesic curvature of Cfiz) in the shared moving frame {P; o, o, 0t3}.

Taking the dot products of the first expression in Eq. (4.9) and a3, as well as
the second expression and o, the conditional equations of developable surface
conjugation are acquired after the simplification as follows:

{Vf])"“zo (4.10)

Here, the first expression indicates that the common unit normal vector of the
conjugate surfaces must be orthogonal to the relative linear velocity of the conjugate
points of the directrices. The second expression indicates that the common unit
tangent vector of the directrices must be orthogonal to their relative angular velocity.

Case 2: Conjugate condition of normal circular-arc surfaces

Definition 4.4 The case that the line of contact of conjugate molding surfaces is a
circular arc in the movement and that the directrices of conjugate surfaces are the loci
of the centers of the circular-arc generatrix in the generation process of the surfaces is
called normal circular-arc surface conjugation.

In this case, a pair of conjugate molding surfaces is a normal circular-arc surface
and they can make the relative rotation about the common tangent line of the
directrices at the conjugate point. The basic equations and the differential equations
of normal circular-arc surface conjugation are consistent with Eqgs. (4.5) and (4.6) in
form, respectively; then, the conditional equation of normal circular-arc surface
conjugation is acquired after taking the dot product of the first expression in
Eq. (4.6) and o as follows:

v xa; =0 (4.11)
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This indicates that the directrices of conjugate surfaces are tangent at the conju-
gate point and that their common unit tangent vector must be collinear with the
relative linear velocity of the conjugate points of the directrices.

4.2.3 Structural Condition of Molding-Surface Conjugation

The conditional equations of conjugation described above are nonlinear, which
means that the condition of molding-surface conjugation is stricter than that of
traditional conjugation of surfaces. When the kinematic and positional parameters
are given, there may not necessarily be another molding surface, which can conju-
gate with a known molding surface to comply with the specified requirements of
molding-surface conjugation.

Definition 4.5 The restriction on the directrices of conjugate surfaces, which
supports the achievement of molding-surface conjugation, is called the structural
condition of conjugation.

1. The structural condition of developable surface conjugation

Expanding and rearranging Eq. (4.10), a system of equations can be obtained as
follows:

F-jV cosp®) +F-ilV sinp) =G - QW

I sin X cos (pmj(l) . <1> —|—Ism25in(p( i) ~e(11> =(Icosz—1)QM ~e(11)

F=1sin 2( + Al cos 2e3 D
G= (IcosZ—l)(R 1)><e< >) Alsteg)
(4.12)

Here, F, G, and e(ll), egw are all one-variable functions with respect to arc-length

parameter s, and the parameter ¢ is the rotational angle of the directrix Cy (V) with
the rotation of ' about the axis A_1. The function ¢ = ¢V(s") can be solved
only when the system of equations is compatible, and the compatibility condition
would then be the structural condition of conjugation.

Substituting the solutions of cosp” and sing'" in Eq. (4.12) in the identical
equation cos’p™ + sin’p" = 1 and rearranging it, the structural condition of
developable surface conjugation is obtained:
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sinzQ) - (Fx eﬁ”)r
- {Q<1> x [(Icos 5-1) (9(1) : eﬁ”)F —I'sin z(gm : G)eﬂ }2 (4.13)

Obviously, this restricts the kinematic parameter I, the positional parameters
A and X, and the radius vector R, That is to say, only when the structural condition
of conjugation is satisfied, molding-surface conjugation can be achieved in theory.

Case 1: Developable surface conjugation with parallel axes (X = 0, z and A # 0)

In this case, Eq. (4.13) can be calculated and simplified into:
M OV (o0 o)
(@0 -e") (@ xel") =0 (4.14)

The condition that Eq. (4.14) holds is Q) x e{") =0 or Q) - e{") = 0. The former
demands that the normal vector of the developable surface should always be parallel
to the axis A_1, which makes no sense to the engineering practice. The latter
demands that the directrix Cfll) should be a planar curve, which lies on the plane
perpendicular to the axis A_1. At this time, a line, which passes through Cél) and
forms a constant inclined angle with the axis A_1, can be appointed as the common
straight generatrix of developable surface conjugation.

Case 2: Developable surface conjugation with intersecting axes (A =0 and Z # 0, )

In this case, Eq. (4.13) can be calculated and simplified into:
Psin’z[(RD ¢} (@) .egn)r

—(Icos T — 1)2<R<1> -eﬁ”)2 [1 - (Q“> -eg”ﬂ (4.15)

The conditions that Eq. (4.15) holds can be summarized into two aspects:

G R ~e§1) =0 Given that eiw :dR“)/ds(]), where R is a vector with a
constant length, the directrix Cél) is a spatial curve on the spherical surface,
the center of which is at the intersecting point of the axes A_1 and A_2.

1- (Q“)-eg”)2
Q(‘)Aegl)
left side of this equation denotes the tangent of the pitch cone angle of the
driving gear in the gear pair with intersecting axes, whereas the absolute value
on the right side is the tangent of the included angle between the surface normal
and the axis A_1 of the driving gear. Thus, we see that developable surface can
be applied as the tooth surfaces of a gear pair when the included angle between
the surface normal and the axis A_1 is the pitch cone angle of the driving gear.

s Isin¥ __
(11) IcosX—1 — +

It can be found from the theory of gearing that the
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Case 3: Developable surface conjugation with orthogonally crossed axes (X = z/2
and A # 0)

In this case, Eq. (4.13) can be calculated and simplified into:
1\ 2 )2
P (R<1> el >) (g<1> e >>

_ { (R(l) : eﬁ”) {9(” x (9“) x eg”)} +A1(e§‘> x Q“)) (sz“) : eg”) }2 (4.16)

Although it provides the possibility of obtaining developable surface conjugation
with orthogonally crossed axes, the decision-making process of the directrix is
highly complicated.

2. The structural condition of normal circular-arc surface conjugation

Equation (4.11) can be rewritten in the scalar form, i.e., V§,21) S0l = Vgl) -0z =0.

Using the method of spreading out and calculating, the system of equations is
obtained as follows:

P-el cosp) + Qe sing =U e
P-elcosp) + Qe sing) =U-e"
P:Isinz(j<‘> xR<1>) + Al cos 5§V .17

Q :IsinE(i(l) X R(U) + Al cos ZitV

U=(IcosE — 1)(g<'> x R“)) — AIsinzQW

Similar to the operation method of Eq. (4.13), the structural condition of normal
circular-arc surface conjugation is obtained in the form of Pythagoras’ formula:

(x| ¢ [Pxv) ] =[x ] @)

Case 1: Normal circular-arc surface conjugation with parallel axes (X = 0, = and
A #0)

In this case, Eq. (4.18) can be calculated and simplified into:
=12 (QV .M (@ xRV’ 1. M)
(=07 (@ ¢") (20 xRV) = (1@ - ¢f") (4.19)

Obviously, the conditions that Eq. (4.19) holds can be summarized into the
following aspects:
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(i)

(i)
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Q) ~e$1) =0 The directrix Cfil) is a planar curve, which lies on the plane
perpendicular to the rotational axis A_1.

/ 2
IA?II =F (Q(l) X R(')) It can be found from the theory of gearing that the

left side of this equation is the pitch radius in parallel-axis gearing, whereas the
right side is the projection length of the radius vector R onto a plane
orthogonal to the axis A_1. It is certain that the directrix Cgl) is a spatial curve

wrapped around the pitch cylinder.

se 2: Normal circular-arc surface conjugation with intersecting axes (A =0 and

2#0,n7)

In this case, Eq. (4.18) can be calculated and simplified into:

(a0 )

2 2

= (IcosZ — 1)2(R<1> : e(ll)) [Q“) x (Q“) x R“)ﬂ (4.20)

Obviously, the conditions that Eq. (4.20) holds can be summarized into two
aspects:

i RW. e(ll) =0 Similar to the previous description, the directrix Cél) is a spatial

(i)

curve on the spherical surface, the center of which is at the intersecting point of
the axes A_1 and A_2.

[@1) x (W) xR 2

Isin®

TcosZ—1 Q.RM
the left side of this equation denotes the tangent of the pitch cone angle of the
driving gear in intersecting-axis gearing, whereas the absolute value on the right
side is the tangent of the included angle between the vector R and the axis

It can be found from the theory of gearing that

=+

A_1. It is certain that the directrix Céll) is a spatial curve wrapped around the
pitch cone. Its engineering application can be seen in the study by Duan
et al. [3].

Case 3: Normal circular-arc surface conjugation with orthogonally crossed axes

=

= 7/2 and A #0)

In this case, Eq. (4.18) can be calculated and simplified into:

[,(Qm .R<1>) (Rm .egw)r

- [Al(sz(l) .R<1>)g<1> xell) + (R<‘> -e(l”)sz“) x (RW xsz(l))r (4.21)
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Similarly, it provides the possibility of achieving normal circular-arc surface
conjugation with orthogonally crossed axes, but the solution of the directrix is also
complicated. As a valuable improved version of Novikov gearing, hyperboloidal-
type normal circular-arc gearing is proposed to transmit motion and power between
two orthogonally crossed axes, and a detailed discussion on how to achieve
hyperboloidal-type normal circular-arc gearing is presented in Sect. 4.3.

4.2.4 General Principle of Normal Circular-Arc Gearing

Definition 4.6 The locus of the conjugate points of the directrices of conjugate
molding surfaces in a fixed space is called the meshing line. The surface generated
by the rotation of the directrix (or the meshing line; the two are identical in the effect
on the generation of surface) about the rotational axis is called the datum surface.
The outline of the smallest cross section of the datum surface is called the gorge
circle.

Definition 4.7 The gearing that complies with the principle of normal circular-arc
surface conjugation is named normal circular-arc gearing.

1. Basic relationship of the directrix, the meshing line, and the datum surface

As shown in Fig. 4.4, when the meshing line C,,, is given, a pair of datum surfaces
I'D, T® can be obtained by the rotations of C,, about the axes A_1, A_2, respec-
tively, and the two are tangent at the meshing line. The locus of a movable point P,

which moves along C,, with a predetermined rule of movement and rotates simul-

taneously with C,,, forms a pair of conjugate directrices C((jl) and ng) and are always

r® 1@

Fig. 4.4 A diagram of the directrix, meshing line, and datum surface
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tangent at point P at any instant. A fixed orthogonal right-handed coordinate system,
{0(2); i(z), j(z’, k<2)}, is established at the axis A_2, and, thereinto, the coordinate
vector i is in the opposite direction to i’"’. The convention of other symbols is the
same as before.

Let p be the radius vector of the meshing line C,,, and

Cn: p=p() =x(@i" + y()j" + z(w)k" (4.22)

where

x(u),y(u),z(u) ‘ are the coordinate components in {0(1);i(”, j“), k“)}.

According to Definition 4.6, a pair of datum surfaces 'V, 7@ can be described
with the radius vector equations:

. P(l):B</1(l>)p(u) (4.23)
r®. po= B(M) (p(u) - Ai“>) (4.24)

where
2@ is the rotational angle of the meshing line C,,, about the axis A_i (i = 1, 2).

Referring to Chen et al. [2], Egs. (4.23) and (4.24) can be rewritten as:
. po :x(u)e</1(1)) +y(u)e; (W) + 2(uw)kW (4.25)
r@. p@ =y (u)e(l(2)> +y"(u)e; (/1<2>) + 2 (u)k® (4.26)

where

e(1"), e;(A”) | are the unit circle vector functions, which denote the rotations of i, j(i ) about kK
with the rotational angle 2D (i = 1,2), respectively, as seen in Chen et al. [4] and

02.i® @ k).

X" (w),y"(u), are the coordinate components in {
*
Z'(u)

If the functions AV = AV (u) and 1@ = 1P (u) exist and satisfy the predetermined
rule of movement for the conjugate point, then a pair of conjugate directrices C(gl),
C(<12>, which are wrapped around the datum surfaces I"’,[® can be obtained from
Eqgs. (4.25) and (4.26), respectively. Now, we differentiate Eq. (4.25) with respect to

u and let dAV/dt = 1; then, the tangent vector of Cél) can be denoted as:
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ddP;” ~5(a0) [p + (20 %p) ,1(1):|

p 1
dp 1(1) _ d/l( )

pzﬁ’ du

(4.27)

2. Conjugate condition and restrictive condition based on the meshing line

In Sect. 4.2.2, both the conjugate condition and the structural condition are
directed against a pair of directrices at the conjugate point, whereas the loci of the
conjugate points form the meshing line; therefore, it is simple and convenient to
discuss the problems on the conjugation by means of the meshing line.

According to Eq. (4.6), the relative linear velocity vﬁf” of the conjugate point P at
the meshing line C,,, can be rewritten as:

v](,m:v](f) _Vél):Q(ZI) Xp—A<Q(2) Xi(l)) (4.28)
where
V(l) is the linear velocity of point P about the axis A_1, which is equal to QM x p and
P
vf,z) is the linear velocity of point P about the axis A_2, which is equal to Q@ x (p — Ai").

When A = 0,B(0) = E (E is the identical deformation), Eq. (4.27) denotes the
tangent vector of Cgl) at the conjugate point P, i.e.,

dpV (1) (1)

W‘ﬂ(l):0:p+VP (429)

As a result, the conditional Eq. (4.11) of normal circular-arc surface conjugation
can be rewritten as:

1) '
ngl) y dgu Lo =V1(921> X p— (Vl()l) vaf)) 20 —o (4.30)

The prior condition that Eq. (4.30) holds is that the vectors vl(,m x pand vl(,1> x vg)

must be linearly dependent, i.e.,

(V]()ZI) x p) x (Vl()]) vaf)) =0 (4.31)

By double vector product, it can be simplified into:

(vf,” x vl(,2>) p=0 (4.32)
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It is the restrictive condition of the meshing line and is equivalent to Eq. (4.18). If
Eq. (4.32) is not standing, then Eq. (4.30) is certainly false, and, thus, Eq. (4.32) is
also the necessary condition for conjugation.

Because the datum surfaces I'", I'® are the surface of revolution, v}()l) and v}()z)
can be regarded as the tangent vectors of the parallels of " and I'"®, respectively, at
the conjugate point P, and the restrictive condition of the meshing line of normal
circular-arc conjugation can be interpreted as follows: the tangent vector of the
meshing line must lie on the common tangent plane between the two datum surfaces.

Furthermore, Eq. (4.32) can be rewritten in an expanded form as:
A(od“)ﬂw~p+1mﬁ(pd“0(pfAN0-p:o (4.33)

Case 1: Normal circular-arc gearing with parallel axes (X = 0, z and A #0)

In this case, the conditions that Eq. (4.33) holds can be summarized into two
aspects:

(i) Q? . p=Q" . p=0 The meshing line C,, lies on the plane, which is perpen-
dicular to the axes A_1, A_2.

@ii) p - j¥ = 0 The meshing line C,, lies on the plane, which is determined by the
parallel axes A_1, A_2, and it is the instantaneous axis in the gear pair with

parallel axes; the datum surfaces are a pair of pitch cylinders.

Case 2: Normal circular-arc gearing with intersecting axes (A =0 and X # 0, x)

In this case, the conditions that Eq. (4.33) holds can be summarized into two
aspects:

(i) p-p=0 The meshing line C,, is a spatial curve on the spherical surface, the
center of which is at the intersecting point of the axes A_1 and A_2, and the
spherical surface is used as a pair of coinciding datum surfaces.

(ii) p -i" =0 The meshing line C,, lies on the plane determined by the intersecting
axes A_1, A_2; itis the instantaneous axis in the gear pair with intersecting axes,

and the datum surfaces are a pair of pitch cones.

Case 3: Normal circular-arc gearing with orthogonally crossed axes (X = #/2 and
A #0)

In this case, Eq. (4.33) can be simplified into:

dm? dz? .
(=) g txg, =0 (4.34)

m?*=x* +y°
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where

m | is the distance between the projection of point P on the plane perpendicular to the axis A_1
and the axis.

Let u = x; then, the following expression can be obtained by the transposition and
the integral of Eq. (4.34) as:

2 [(A_\ar
z—/(x 1) Tdi+C (4.35)

where

C is the integration constant.

m = m(x) can be freely chosen to satisfy the practical requirements, and, subse-
quently, z = z(x) is solved from Eq. (4.35), and, finally, a spatial curve defined by
m, z is the meshing line Ci,.

3. Determination of the directrix

According to the previous discussion, Eq. (4.11) is equivalent to two independent
scalar equations, and, thereinto, one is the restrictive condition of the meshing line,

and only when AW s properly chosen can another scalar condition hold. Only in this

manner can the function A" = /1“)(14) be obtained, and, then, the directrix Céll) is

solved. Thus, the condition that 2 meets is sufficient for normal circular-arc surface
conjugation.

Taking the scalar product of Eq. (4.30) and k", another scalar condition can be
acquired after the simplification as follows:

0 x[(IcosZ —1)x — Al cosZ] + y[(IcosZ — 1)y + Izsin X (4.36)
o IxzsinX + Alycos ’
Case 1: Normal circular-arc gearing with parallel axes (£ = 0, # and A #0)
0 (1F1I)(xx + yy) £ Alx (437)

+Aly
Case 2: Normal circular-arc gearing with intersecting axes (A =0 and X # 0, )

n _ _ (IcosZ —1)(xx + yy) + Izysin
g IxzsinX (4.38)

Case 3: Normal circular-arc gearing with orthogonally crossed axes (X = #/2 and
A#0)



4.3 Geometry of Hyperboloidal-Type Normal Circular-Arc Gears 109

A Xy —lzy o Izy (4.39)

Theoretically, the function A" = A" (u) can be obtained by the integral of A and by
substituting it in Eq. (4.25), we have the directrix Cgl). Because A is equivalent to
¢, there is a relationship A@/2" = I between a pair of directrices. By substituting
1@ = M) in Eq. (4.26), the directrix ij2> is obtained.

4.3 Geometry of Hyperboloidal-Type Normal Circular-Arc
Gears

Definition 4.8 A kind of normal circular-arc gearing in which the datum surfaces
are a pair of hyperboloids of one sheet is named hyperboloidal-type normal circular-
arc gearing.

4.3.1 Determination of Conjugate Directrices

For normal circular-arc gearing with orthogonally crossed axes, the case x = xg
(const) in Eq. (4.34) is highly valuable. By substituting it in Eq. (4.35), the meshing
line C,,, which lies on the plane x = x, is obtained as:

2=y*cot2sV) + C
tan 25(1> _ x—o (440)
A — X0

As shown in Fig. 4.5, Eq. (4.40) can represent three kinds of meshing lines: when
C=0,z= +ycot5", the meshing lines are a pair of straight lines with the included
angle 5V relative to the k' axis (i.e., the axis A_1); when C = C% >0, 2=
y* cot26(1) ++ €2, the meshing lines are a pair of hyperbolas, which are symmetrical
with respect to the j* axis; and when C= — C% <0, 2 =y*cot?6\")) — C2, the
meshing lines are a pair of hyperbolas, which are symmetrical with respect to the k™"’
axis. It should be noted that the vectors j, k" in Fig. 4.5 originate from the
translation of jV, k' from the plane x = 0 to the plane x = xq.

These three kinds of meshing lines can be uniformly described with the following

equation:
{z=z(y)= +4/y?cot26) + € (4.41)

X =Xp
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Fig. 4.5 Three forms of 22— _1‘2 cotz W 4 C&

meshing lines /
\ e (D)

2= ,1‘2 cot? 50 - (’03

2

When the meshing line is a straight line, i.e., C = 0, the surfaces of revolution
generated by the meshing line about the axes A_1, A_2 are a pair of hyperboloids of
one sheet and hyperboloidal-type normal circular-arc gearing is named after it. In
this case, the vector equation of the meshing line C,,, can be represented in {O";i‘",
kMY as:

i z=*ycot 50

Co:  p=p)=xoi" +u(sin5<1>j<') - coszs“)k“)) (4.42)
where
u is the length variable of the meshing line C,, and
Xo is the interception of the meshing line at the i‘"” axis.

Referring to the above description, the datum surface I'" of the pinion can be
described by the vector equation:

r®.plH— B(—lm)p(u) :R<1>e(—/1('))

+u(sinsMe; (= M) — cos sk(M) (4.43)

where

R® is the gorge radius of the datum surface I'", which is equal to the interception x;.

According to Eqs. (4.22), (4.42), and (4.43), Eq. (4.39) can be simplified and
arranged into:

du IR
- (sin W + Icos 5(1)) tan 5 (4.44)

By the integral, we can obtain the function u = u(A‘") defining the motion of the
conjugate point, i.e.,
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(1)
— (1)(,10) +/1(01)> M _ IR 445

" .
! g (sin 8 + Icos 5(”) tan 5 (4.45)

where

20D | is an integration constant, generally zero.

Similarly, we can also obtain the function u = u(/l(z)), ie.,

1 R® tan 5
u=p? (ﬂm n ,1(02)) p? = plh = : (4.46)
1 sin ") + I cos sV
where
202 is an integration constant, generally zero and
R® is the gorge radius of the datum surface I'®, which is equal to A — x,.

@ are constant, the functions u = u(A?), u = u(A®) are linear and

the directrices Cél), C((j2> are a pair of spirals wrapped around the datum surfaces ",
I'® with the pitches p'*, p®, respectively.

According to Chen et al. [4], the noninterference condition of hyperboloidal-type
normal circular-arc gearing is tan s = /I, and, therefore, the following relation-
ships between the kinematic parameters and the positional parameters can be

summarized from the above discussions:

Because p'", p

1 - 2g(1 2 24(1
R:l)) =A sm. st >, R® = A cos 25 >, (4.47)
p =R sinsM, p@ =R cos 1)

Then, the rule of movement of the conjugate point of the directrices is
u = APRD sin 81 = APRP cos 8. Substituting it in Eq. (4.43), the directrix
Cgl) of the pinion tooth surface in HNCGing with line contact is obtained by
the vector equation:

cV R = ROe( —,1<.‘>) | (4.48)
+AVRM sin 6 (sin6Ve; (—AV) — cos sVkM)
To reduce the effect of manufacturing errors and the misalignment of mating
members, the principle of mismatching of generating surfaces is used to achieve the
point of -contact of the gear pair, in which the profile radius of the gear is slightly
greater than that of the pinion. In such a case, the center of a normal cross section of
the gear tooth surface at any position will depart from the directrix Cfil) so long as the
pinion and gear tooth surfaces are in contact.
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Fig. 4.6 Diagram of real directrices applied to HNCGing with point contact

To comply with the basic principle of molding-surface conjugation, the directri-
ces of the pinion and gear tooth surfaces in HNCGing with point contact must be
adjusted in accordance with some rules. As shown in Fig. 4.6, the real directrix
Cgl‘ ") of the pinion is obtained by rotating the theoretical directrix Cgl) about the
axis A_1 with the angle AA(I), ie.,

c"7: R = B(+aiM)RO =RWe( -1 + a2M)
+AWRW sin 6 (sin6Ve; (— 2 + 421) — cos sVkD)
(4.49)

where

r denotes the quantities pertaining to the real tooth surface in HNCGing with point contact;
AAY | is the modification angle, which is equal to lp/(R(l) sin 5). Here, I, is the transverse offset
of the tooth profile of the pinion; and

denotes the counter-clockwise (or clockwise) rotation viewed against the direction of k®
and is used to describe the quantities pertaining to the right (or left) tooth flank of the tooth
in the next derivation.

H

HNCGing is planned to transmit motion and power between orthogonally crossed
axes, and, thus, the inclined angle of the meshing line with respect to the axis A_2 of
the gear is 90 — 6'". Similar to the operation of the pinion, the real directrix ng’ " of
the gear tooth surface can be arranged into:
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ngv r) . R(Z, r) R(Z)e( _ /1(2) + AA(Z))
+APR® cos 6V (cos 6Ve; (— 1) £ 242) — sinsVk>?)
(4.50)

Here, the modification angle AA® is determined by the magnitude of the backlash
and is less than A A", The upper (lower) sign of “+” is used to describe the
quantities pertaining to the right (left) flank of the gear tooth space (viewed against
the direction of k). As pointed out earlier, to comply with the meshing relation-
ships of conjugate directrices, the real directrix Cff’ ") is not the set of the arc centers
of all cross sections of the working tooth surface of the gear but is the inner
equidistant curve of this set, the offset distance of which is the radius difference of
the tooth profiles of the mating pinion and gear.

4.3.2 Mathematical Models of Conjugate Tooth Surfaces

Taking the derivative of Eq. (4.49) with respect to A", the tangent vector t'"*” of the

directrix Cél’ ) can be represented as:

(4.51)

Because the meshing line rotates with the rotation of the directrix Cél’ r),

according to Eq. (4.42), the tangent vector m™ of the real meshing line Cf;) can
be denoted as:

d(B(A £ 22M)p(u))
du

m — — sinsWe, </1<1> + Mm) — cos sk (4.52)

Taking a dot product between Eqs. (4.51) and (4.52) and referring to Chen
et al. [4], we can find that:

() m®) =0 (4.53)

This shows that the family of the directrix and the family of the meshing line
constitute the orthogonal system of lines of the datum surface. On the basis of this,

the moving frame {P; e<11’ " e(zl’ " egl’ r>} set along the directrix ijl’ ") can be

constituted by:
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10 sinzé(l)e( 204 A/l(])) — Cos 6(1)(cosé(l)e1 ( —D 4 A/Im) + sin6<'>k(1))
\/cos 250 4 (/1“) sinzé(l))2

el = m" _ sinsVe, ( O Aﬂm> — cos sk
2 0 *
egl, r) _ e(ll, r) % e(zl, r)

cosé“)e(—/lm + Ai“)) + 2 sinzé(l)(cosé(l)el(—/1<l> + A/1<]>) + sin5<'>k(1>)
\/cos26(1) + (/1(l> sinzé(l))2

(4.54)
Obviously, egl’ ") is the unit normal vector of the datum surface I along the real
meshing line Cfg) and is directed toward the outside of the entity of the pinion.
According to previous descriptions, a pair of conjugate directrices is tangent at
the conjugate point, which means that the two directrices have the common tangent
line at that point, and, additionally, a pair of datum surfaces of HNCGing is tangent
at the straight meshing line, which shows that the two datum surfaces share the
common normal line along the meshing line. These two characteristics provide a
chance to set a shared moving frame for describing the kinematics and geometry of

conjugation, and, thus {P; el el el r)} is used as the base of the shared

moving frame {P; a;, a,, 3} in the discussion.

Similar to the above operation, the moving frame {P; e(lz’ r), e;z, r), e(32’ r)} set at

the directrix ijz‘ ") can be constituted by:

o) _ 2 cos26e (= A% £ a4®) — sins!)(sinde, (— 4 + 817) + cos sk
b \/sinzém + (/1(2) 00825(1))2

eéz’ " = cos 5(1)61(—/1<2) + AA(Z)) — sinsMWk®@

o Sn sVe (= 2@+ AA®) + 4@ cos 261 ( sinse;(—A® +a4?) + cos 5<1>k<2>)
P \/sinzé(l) + (/1(2) coszém)2

(4.55)

It should be noted that egz’ ") is the unit normal vector of the datum surface T'®
along the real meshing line and is directed toward the inside of the entity of the gear,
but egz’ & keeps the direction with egl’ ") at the conjugate position. This operation
ensures the uniformity of {P; eﬁl’ i e(zl’ i egl’ r>} and {P; egz, i egz’ ). egz’ ") },

and, thus we can choose the former as the base of the shared moving frame
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(a) (b)

Fig. 4.7 Schematic illustration of basic tooth profiles

{P; o1, 0y, a3}, and the profile angles defining the tooth profiles of the pinion and the
gear are consistent in the shared frame. As shown in Fig. 4.7, when the pinion tooth

engages with the gear tooth, the working tooth profiles BC of the pinion and the gear
contact at a predetermined point (location) by the pressure angle, and, then, the two
moving frames coincide at the conjugate point P, which is the contacting point of the
real directrices C((il’ r), Céz’ ") at that position.

It must be pointed out that Fig. 4.7 is achieved by viewing the tooth of the pinion
and the tooth space of the gear against the direction of k" and k'® and that the left
sides of the tooth of pinion and the tooth space of the gear are considered to be the
driving side and the driven side, respectively, in the process of conjugation. Now, the
sign “-” is chosen to describe the quantities pertaining to the sign “+.” According to
Egs. (4.1), (4.49), and (4.50), the contacting tooth surfaces 1//(1), 1;/(2) of the pinion
and the gear can be described as:

p 8O =ROEN 4y ( singpel” " + cos e} ”) (4.56)

p? . s@= RN _ Ar(sin aned " + cos anel” r))

(2, r) 2, r)

(4.57)
+ry ( sinfgey” ' + cosdye; )

where

T, e | are the radii of the working tooth profiles of the pinion and the gear, respectively.
0y, 0, | are the profile angles of the working tooth profiles of the pinion and the gear, respectively.

Ar is the radius difference between the working tooth profiles and Ar = ry — 7,

a, is the pressure angle.

According to the conclusion drawn from Eq. (4.53), the directrices of the adjacent
teeth of the gear (or the pinion) must be perpendicular to the same meshing line, and
the length of the intervals of the adjacent teeth are equal; thus, the normal pitch can
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be defined as P, = zm,, (m, is the normal module of the gear pair). On the basis of
this, the following parameter relationships can be obtained as follows:

Rm_zlmn,R_ZZ”%,A_mn<Zl+ Q)“MWWF
2sins 7 2cossh) 2 \sins®M  coss 22

(4.58)

where

zy and z; are the number of teeth of the pinion and the gear, respectively.

Obviously, the normal module m,, is an important parameter that standardizes the
design and machining of HNCGing. When m,, is given, the basic parameters of
HNCGing can be acquired by Eq. (4.58), and, then, the rest of the structural
parameters can be determined by means of the current standards of Wildhaber—
Novikov gearing.

Figure 4.8 is a three-dimensional (3D) representation of a pair of right-handed
pinion and gear in HNCGing with point contact. When the pinion makes a positive
rotation about the k' axis as a driving member, the gear is driven to rotate positively

about the k'® axis through the engagement of the tooth surfaces y", y/®.

4.3.3 Induced Curvatures of Mating Tooth Surfaces

According to Sect. 4.2.1, the tangent direction of the generatrix and its orthogonal
direction (i.e., the tangent direction of the directrix) are the principal directions of the
tooth surfaces of HNCGing and the normal curvatures at the two directions are the
principal curvatures. On the basis of this property, two principal directions and the
surface normal direction (pointing to the center of the circular-arc generatrix) can be

used to define a moving frame, {S(l);eg), eg), eg)}, of the pinion tooth surface

. According to differential geometry, the principal curvatures kg:), kg) of the
tooth surface y‘" can be denoted as:

kén cos &, + kD sin 0,
1 -7, (ké1> cos 0, + k' sin Gp)

O

sl

(4.59)
W=l

S.
Tp

where

1 1
kol

(continued)
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Fig. 4.8 Schematic kD
illustration of one tooth of

the pinion and one tooth -
space of the gear in
HNCGing

(2.7) (2)
Cy (W(Z)K C;

(b)

are the principal curvatures of ‘" in the tangent direction of the generatrix and its
orthogonal direction, respectively.

kg), k" | are the geodesic curvature and the normal curvature of the directrix Cfil’ " in the
shared moving frame {P; oy, o, 0t3}, respectively.

Similarly, according to Eq. (4.59), the principal curvatures kg), kg) of the tooth
surface ' can be denoted as:

L2 kg) cos 0, + k) sin 6,

1—rg (kg) cos 0, + kP sin 9g> + Ar(k(gz) cos an + kE,z) sin an)

(4.60)

where
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k(?, kq) are the principal curvatures of y® in the tangent direction of the generatrix and its
s orthogonal direction, respectively.

kéz) s kff) are the geodesic curvature and the normal curvature of the directrix Cflz’ " in the

shared moving frame {P; oy, o, 0t3}, respectively.

For a pair of conjugate tooth surfaces y",y'®, two circular-arc tooth profiles
with constant radii 7,7, are in tangential contact at the direction of the pressure angle
in the common normal plane of the tooth surfaces, and, thus, the induced principal

)

curvature kgl of mating tooth surfaces in the tangent direction of the generatrix is

constant, i.e.,

k2D — )@ L 1 _rg—r_ Ar (4.61)

2 T -
p Ty Fplg Iplg

In the shared moving frame {P;a;, &, &3}, the profile angles are 6, = 0, = a,
when they are used to define the contact position of the tooth surfaces. According to
Egs. (4.59) and (4.60), the induced principal curvature kﬁl) of the conjugate tooth

N
surfaces 'V, y'? at that contact position in the common tangent direction of the
directrices C; "/, Cy” ' can be denoted as:

(L) c@r)

21 1 2
kél ) :kil) - kil)

kg) cosay, + kﬁl” sin a,, k(gz) cosay, + kslz) sin a,

- +
-7, (kg) cos a, + k'V sin an) 1— (rg— Ar) (kéz) cos a, + k) sin an)
k(gz') cosa, + kl(f]) sin a,

[1 —1p (ké1> cosay, + kfll) sin a,,)] [1 —71p (kéz) cosay, + kr(lz) sin an)}

@) — (1) _ ()
kg - kg kg
21) _ 7.(1 2
k2D =il — k@
(4.62)
where
kéﬂ), kﬁ,m are the induced geodesic curvature and the induced normal curvature of Cgl’ r),

ng‘ r), respectively.
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4.4 An Integrated Manufacturing Software System
for HNCGing

Design, engineering, and manufacturing are undergoing a digital transformation, and
the need for a collaborative product development environment is becoming an ever-
growing requirement. The integrated manufacturing software system of HNCGing
meets this need by connecting CAD, CAM, and CAE in a single application platform
and can be used as a primary expert system for the design and machining of
HNCGing [5].

4.4.1 Functional Framework

The idea of an integrated manufacturing software system of HNCGing builds upon
digital manufacturing trends, which connect CAD, CAM, and CAE together through
3D modeling, simulation of meshing and contact, and adaptive tool path program-
ming, as shown in Fig. 4.9. In CAD systems, according to the mathematical models
of HNCGing and parameter relationships, a 3D model generation program that
outputs 3D models of pinion and gear is developed by means of computer graphics
and commonly used programming languages. The 3D models of pinion and gear will
be used as the criterion model for error analysis, tooth contact analysis, and machin-
ing simulation. In CAM systems, selection of the blank, design of the cutting tool,
and determination of the cutting regime are brought into the tool path planning, and a
file of NC code can be automatically generated with the change of the specification
parameters and cutting parameters. This system provides the machining simulation
and the human—computer interaction of the machining parameters. In CAE systems,
the measurement data of real tooth surfaces, achieved by CAM or 3D scanning, can
be imported and fitted and the surface deviation can be calculated by comparing
between the fitting model of the real tooth surface and the criterion model. On the
basis of this, tooth contact analysis can provide the effect of errors on the path of
contact and the area of contact. This system is extendible and reserves the interface
to enhance functions for the dynamics and redesign of HNCGing.

4.4.2 Three-Dimensional Modeling

The basic method of computer representation of the pinion and gear of HNCGing is
presented in the study by Zhang et al. [6].

According to the structural characteristics of teeth arrangement, the tooth ele-
ment, which is the key substructure extracted from the gear (the pinion), is used as
the foundation for constructing a model of the gear (the pinion). The main steps
comprise:
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Fig. 4.9 Functional framework of an integrated manufacturing software system of HNCGing

(1) Determining the boundary condition of the tooth element; (2) dividing the
tooth element into five parts, i.e., the left fillet arc at the root of the tooth, the left
working tooth profile, the addendum circle, the right working tooth profile, and the
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Fig. 4.10 Three-dimensional models of HNCGing

right fillet arc, and calculating the connecting condition between the five parts;
(3) solving discrete points on the surfaces of the five parts, and fitting these points
with triangular or quadrilateral patches to generate the tooth element; and
(4) establishing a three-dimensional solid model of HNCGing by arraying the
tooth element according to the number of teeth and merging it with the dedendum
circle. The three-dimensional models of a pair of pinion and gear with point contact,
generated by CAD systems embedded in the integrated manufacturing software
system of HNCGing, are shown in Fig. 4.10.

4.4.3 Adaptive Tool Path Programming

The basic idea of adaptive tool path programming for NC machining of HNCGing is
presented in the study by Yan et al. [7].

To quickly respond to the changes of design and machining parameters, an
adaptive tool path programming is applied to automatically compute the tool path,
conduct the post-processing, and generate the G-codes for the 5-axis form milling of
HNCGing with different specifications, as shown in Fig. 4.11. The CAM systems
embedded in the integrated manufacturing software system of HNCGing support the
selection of the blank, the design of the cutting tool, and the tool path planning. On
one hand, the tooth width and the maximum radius of the addendum are calculated
from the input design parameters and the specifications of the blank can be selected,
and, then, the machining parameters, set by the rough and finish machining process
of the addendum surface, can be input into the CAM system to calculate the tool path
and generate the G-codes of NC turning. On the other hand, according to the input
design parameters, the size of the tooth space can be calculated, the forming cutter
profiles can be designed, and the machining parameters can be input to meet the
production requirements; the tool paths of the rough and finish machining of the
tooth surface can be calculated, and, based on the coordinate transformation of the
tool paths, they are rearranged in accordance with the NC file template to generate
the G-codes. In adaptive tool path programming, the cutting cycle parameters,
determined by the feed rate and the finish allowance, are considered to be the
cycle indices of program execution.
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Fig. 4.11 Flowchart of adaptive tool path programming in the integrated manufacturing system of
HNCGing

In the program implementation of machining simulation, the blank of the work-
piece is regarded as a positive geometric solid and the swept volume of the cutter is
regarded as a negative geometric solid; the point set of the blank on the path the
cutter passes is removed, and the boundary surface of the blank is replaced by the
envelope of the cutter, as shown in Fig. 4.12. Let {Pp..k} be the point set of the
blank, {Pcsp} be the point set of the swept volume of the cutter, and {Pcgs} be the
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Fig. 4.12 Machining simulation in the integrated manufacturing software system of HNCGing

Fig. 4.13 Photograph of
the prototype machine of
hyperboloidal-type normal
circular-arc gearing

point set of the envelope of the cutter, then the point set { Prg} of the reconstruction
model satisfies the following equation:

{Pre } € ({Poiank} — {Poiank} N {Pcsp}) U {Pces} (4.63)

Referring to the Chinese standards on circular-arc gears, a prototype machine of
hyperboloidal-type normal circular-arc gearing was designed with the main design
parameters as follows: the normal module m,, = 3 mm, the number of teeth of the
pinion z; = 9, the number of teeth of the gear z, = 23, the radius of the working tooth
profile of the pinion r;, = 4.5 mm, and the radius of the working tooth profile of the
gear r, = 4.95 mm. The generation of the pinion and gear tooth surfaces were
completed on a five-axis computer numerical control (CNC) machine, and the
prototype machine of HNCGing was achieved by assembling all the components,
as shown in Fig. 4.13.
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4.4.4 Simulation of Meshing and Contact

The basic idea of computer simulation of meshing and contact of HNCGing is
presented in the study by Chen et al. [8].

The error is the difference between the actual position and the theoretical position
that the gear pair would occupy if they were perfectly conjugated, such as the
misalignment error, shape error, and kinematic error. The variation denotes the
deviation of the transmission process and the meshing performance, such as the
position variation of the contact point, the variation of the speed ratio, etc. If the error
is considered to be the input disturbance, then the variation can be regarded as a
response to this disturbance. Using the moving frame of conjugated tooth surfaces,
the errors and variations were quantified, and, then, the response relationship
between the variations and errors was established by means of the conditional
equation of conjugation. According to the Hertz contact hypothesis, the instanta-
neous contact area of conjugate tooth surfaces is calculated on the basis of induced
curvatures of the conjugate tooth surfaces presented in Sect. 4.3.3 and is represented
on the common tangent plane of the conjugate surfaces. Applying the method of
center projection, the instantaneous contact area is projected onto the tooth surface,
and, thus, a relationship is established between the two-dimensional (2D) contact
area and the three-dimensional (3D) contact area. In CAE systems embedded in the
integrated manufacturing software system of HNCGing, tooth contact analysis is an
important component to directly reflect the contact performance of the gear pair.
Because the errors cannot be avoided absolutely, the path of contact may deflect to
the tooth root or the tooth top land, and, then, the loading capacity of the teeth will be
impacted. Here, the simulation of meshing and contact is achieved by application of
the TCA computer program developed by the authors and is used to demonstrate the
shift of the bearing contact caused by the misalignment. Figure 4.14 presents the
result of the influence of the angle error of the k® axis (i.e., the axis A_2) on the path
of contact.

4.5 Conclusion

Under the guidance of the basic principle of molding-surface conjugation,
hyperboloidal-type normal circular-arc gearing (HNCGing) is proposed to be the
latest improved version of Novikov gearing to transform motions between orthog-
onally crossed axes. The tooth geometry of the pinion and mating gear in HNCGing
is generated, and the curvature characteristics of conjugate tooth surfaces are
explored. This helps in calculating the Hertzian contact between the two mating
teeth and implementing tool path planning for NC machining. An integrated
manufacturing software system of HNCGing is developed, which connects 3D
computer-aided design, 3D computer-aided manufacturing, and tooth contact anal-
ysis in a single application platform.
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Fig. 4.14 Influence of the angle error of the k™ axis on the path of contact: (a) 3D contact of the
pinion, (b) 2D contact of the pinion, 3D contact of the gear, and 2D contact of the gear
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Chapter 5 )
Modern Methods of Estimating oo
and Increasing the Load-Bearing Capacity

of Novikov Gearing

Viktor I. Korotkin

Analysis of the performance comparison between involute gears and Novikov gears
[1] convinces of the effectiveness of the widespread use of the latter in both general
and special purpose drive, in the design of transmission for oil pump in particular.

Thus, it is known that Novikov gears with standard basic profiles are widely used
in gearboxes of general and special purposes. At the same time, Novikov gears with
chemically and thermally hardened, cemented, and nitrocarburized tooth surfaces are
developed based on the standard basic profile BP1 [2] and those with thermally
improved (sometimes with additional nitriding) teeth are made on the basis of the
standard basic profile BP2 [3].

Currently, the industry is facing a situation in which there are no uniform
(standard) methods and computational programs for the geometric and strength
calculations of Novikov gearings, which forces consumers to use outdated imperfect
methods, often contradicting each other. This makes designing gearings and drives
with rational parameters that ensure both high quality and competitiveness of
products difficult.

Briefly, the shortcomings of the previous methods (including the current GOST
17744-72 for the calculation of geometry and the methodological recommendation
MR 221-86 for the calculation of strength) are as follows:

» There is no unified methodological approach to the calculation of Novikov gears
with any hardness of the tooth surfaces.
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* Gears with nonzero displacement of the basic profile, which are widespread in
gearbox construction, are not covered.

» The calculation of the contact endurance of the tooth surfaces is based on the
definition of not effective but normal contact stresses, that is, the shape of the
contact pad is not taken into account, which leads to contradictory results.

* Changes in the geometry of the teeth in the process of a run-in are not taken into
account.

* There is no calculation of the deep contact strength of surface-hardened teeth.

» There is no accounting of the “edge effects” when the contact spot comes out on
the edges of the teeth and their connection with the adaptive ability of the real
gearing is made with given errors.

* Gears with a new modern basic profile [2], providing a high load-bearing capacity
of the drive, as well as modified gears are not covered.

* There are no calculations of the geometric limiting factors and quality of engage-
ment of gears, which determine the rational scope of applicability of the latter.

* Many of the most important design parameters (coefficients of stress concentra-
tion, unevenness of load distribution, gearing dynamics, etc.), which must take
into account the real conditions of the manufacture and operation of gears, are
adopted from the methods of calculations for involute gears, which completely
ignore the specifics of Novikov engagement, and, as a result, the reliability of
calculations is significantly reduced.

» Permissible stresses and safety factors are not consistent with the structure of the
formulas for calculating the active stresses and with the results of tests of Novikov
gears, which often leads to unreliable conclusions.

Other shortcomings could be noted, but the above, in our opinion, is enough to
judge the unacceptability of the widespread use of the indicated methods.

In this chapter, on the basis of a new approach to eliminate the above shortcomings,
a generalization of the results of determining the main parameters necessary for
calculating the strength, load-bearing capacity, and service life of Novikov gears with
the basic profile BP1 is provided and the method developed by us to radically increase
the load-bearing capacity of Novikov gears with basic profile BP2 is described.

It should be noted that the basic profiles of BP1 and BP2 are fundamentally
different from each other: the first near-pole zone is turned off from work, which
prevents increased contact stresses in the gear, but, at the same time, there is an
additional concentrator of bending stresses. The second has a weak contact relation in
the near-polar involute-forming zone, but there is no additional stress concentrator.

It should be emphasized that the teeth of Novikov gears are in a complex volu-
metric stress state, which, moreover, when hooked, constantly changes from one phase
of engagement of teeth to another. The task is to find the “dangerous” aspects of the
strength phases with maximum contact and bending stresses. These stresses, which we
will later call permissible (critical), ultimately determine the load-bearing capacity and
durability of the gear transmission and, often, the service life of a gearbox as a whole.

In order to find the permissible stresses, it is necessary:

1. To three dimensionally simulate the solution of the stress-strain state of the
contact problem with previously unknown shapes and sizes of the contact
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spots, provided that the theoretical point (spot) of contact is located anywhere
along the width of the gear rim (along the length of the tooth) up to the end of the
tooth at the time of axial switching of the teeth

2. To simulate the process of a real engagement, in which the rigidity is taken into
account for the contacting teeth and accompanying parts of the drive (shafts,
bearings, housing) as well as the inevitable technological errors (in the probabi-
listic aspect) of the manufacture and assembly of gears, depending on the
specified accuracy

When solving the first problem, the so-called basic parameters such as contact,
bending stresses, and stiffness of the teeth when the theoretical point (spot) of
contact is located in the middle of the gear rim where the influence of the end of
the gear rim is absent, the phase values of these parameters and their relationship
with the base ones, and the coefficients of influence of the end of the gear rim, when
the contact spot shifts from the middle of the gear rim to its end, are determined. The
stresses must be brought to a form that allows them to be compared with the
permissible stresses established by the standards [4] for involute transmissions,
that is, for theoretically linear contact. When solving the second problem, partial
loads (fractions of the total input load) are in various phases of engagement of gears
calculated, and, thus, permissible stresses and “dangerous” phases of engagement
are defined.

Let us first look at the basic parameters.

5.1 Bending Stresses

Here, it was necessary to determine the volume coefficient Yy of the tooth shape
under the action of the concentrated force on it as well as the parameter Y, that takes
into account the influence of the longitudinal length of the contact spot on bending
stresses.

The approximation dependence obtained during statistical processing of model-
ing results in the ANSYS system and has the Yy form:

Yy =Az" + B, (5.1)

where the coefficients are accepted according to Table 5.1 depending on the
equivalent number z, of the teeth of the gear and the relative (to the module m)
value x™ of the displacement of the basic profile when cutting the teeth.

To determine the parameter Y,, the simulation was based on the contact of the
studied equivalent straight tooth with an elastic indenter representing the equivalent
straight tooth of a paired wheel, the surface of which consists of theoretical points of
contact of the hyperbolic type, in which the radius of the concave part of the surface
is equal to the profile radius py of the tooth leg and the radius of the convex part of the
surface is equal to the main longitudinal radius p; of curvature of the contacting
surfaces of the tooth with the indenter.
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Table 5.1 Values of coefficients in the formula (Eq. 5.1)

Range x" Z, A B a b c

—06<x"<0 Z,<18 1.17 17.5 -0.312 1.268 —1.262
Z,>18 0.436 37.7 0.03 1.268 —1.522

0<x"<06 Z, <18 1.17 -29 —0.312 0.766 —2.07
Z,> 18 0.436 0.024 0.03 1.387 0

In the process of modeling, the number z of the wheel teeth, the main radii of
curvature — profile p, and longitudinal py [5], the tangential force F;, and the value
ay of the length of the semi-major axis of the conditional ellipse of contact,
determined from Viktor et al. [5] were adopted. The parameter Y, was calculated
as the ratio of the bending stress of the distributed load to the stress of the
concentrated force.

The approximation formula obtained from the results of processing a wide range
of variations in the geometric and force parameters of the simulation data is as
follows (the asterisk means the ratio of magnitude to modulo):

0.0544 (ag;)” - 212
1 +0.14aj; + 0.07(af)*’

(5.2)

a=

Taking into account the so-called stress factor A [6], it is possible to write a
formula for determining the basic bending stress oy:

_ YWY.F,

S (5.3)

OF

5.2 Effective Contact Voltages

When calculating gears with theoretically point (practically local) contact, which
include Novikov gearing, the contact strength is estimated not by normal oy but by
effective (equivalent) stresses oy, determined in accordance with the fourth theory
of strength. Of course, the permissible normal contact voltages [4] must be converted
into effective ones.

As it is known [7], effective contact stresses are calculated by the formula (with
the Poisson coefficient g = 0.3):

_0.6F,/1-B+f

ﬂdeH(l +ﬂ) ’

OH (54)
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where F,, is the normal force, f = by/ay, ay is the ellipticity coefficient, and by is the
value of the small semi-axle of the conditional contact ellipse.

It should be borne in mind that in the process of operation, the teeth of the
Novikov gear wheels undergo run-ins, in which the contact spot grows in width to a
certain value / depending on the hardness of the contacting surfaces, while the main
profile’s radius p,, of curvature increases. Taking into account this circumstance, the
basic effective contact stress can be recorded in the form [8]:

OHe = 19.93]~ lA074F'gA69p/; 0.31 . (55)

The results of modeling the contact of two surfaces are well-consistent with the
theoretical dependencies, (Eqs. 5.4 and 5.5). However, when simulating the contact
of a real tooth with an indenter, the values oy differ between (Egs. 5.4 and 5.5). This
is due to the fact that the contact is also accompanied by a bend of the tooth, which
makes some adjustments, taken into account by the correction factor K,, included as
a multiplier in (Eq. 5.5):

K, = —933.33y* + 706.67y> — 189.67y* + 20.63y + 0.13, (5.6)

where y = ay/b,, (b, is the tooth length).

It should be emphasized that for gearings with teeth hardened to high hardness, it
is necessary to take into account the characteristics of the surface layer as well as, in
some cases, to assess the deep contact stresses.

5.3 Stiffness of the Teeth

The stiffness of the teeth in our studies is conveniently characterized by the value
W of the total (contact and shear) displacement of the center of the contact spot under
load, determined in the process of modeling the solution of the contact problem.
Knowledge of these movements is necessary to get a complete picture of the
distribution of the load and stresses on the contact sites when modeling a real
multi-pair engagement.

Statistical processing of a large amount of information has made it possible to
obtain dependencies for determining the base value W:

—0.294
W = 0.359F077 ;0585 (p;; + 100) (0.111z,Y, (5.7)

where y = — 0.294(0.111z,) **%.

Let us now proceed to the report on the results of the study of the phase values of
the considered parameters obtained by shifting the contact spots along the length of
the teeth from the middle part of the gear rim to one of its ends in the process of
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Table 5.2 Values of coefficients in the formula (Eq. 5.8)

Doy Dy, Do, Do Doy

1.481304 —0.923358 20.93405 —38.70766 19.43515

Dy Dy, D1y Di3 Diy D5
—0.392466 0.487538 —10.61498 —2.137028 99.47423 —128.8717
Dy Dy, Dy, Dy3 Doy Dys
0.0896951 —0.177547 3.738188 —8.708485 —2.723311 16.54621
Dso D5, D3, D3, D34

—0.00625611 0.0136604 —0.308048 1.041986 —1.045351

Table 5.3 Values of coefficients in the formula (Eq. 5.9)

Boo By, Bo Bos Bog

1.004276 18.10111 71.25582 —744.2869 1201.738

Bio By Biy Bis B4 Bis
—0.0913205 —40.02436 —123.5507 1167.931 —-310.1259 —3255.421
By By, By B3 B Bys
0.101049 21.95774 46.85895 —335.5927 —1309.902 3864.673

engagement. The closer the contact spot is to the end, the stronger is the influence of
the latter on the stress and stiffness of the teeth. The designations of the phase
parameters obtained during modeling, in further presentation, will be provided with
an additional index “s,” and the influence of the ends of the teeth on them will be
evaluated through the so-called coefficients of influence representing the ratios of the
phase parameters to the corresponding baseline.

In previous works [6, 9] typical computer graphs of bending stresses and effective
contact stresses and contact spots for their basic positions and in the zone of the ends
of the teeth are provided. Processing of the obtained data in the entire range of
displacements of the contact spot from the base position to the end of the teeth has
made it possible to obtain the values of the coefficients of influence of the ends
expressed by the developed polynomials for software calculations and Tables 5.2,
5.3, and 5.4:

» Coefficient Kg of influence of the tooth ends on phase bending stresses

4 5 5 4
Kre=> DogS*+ (w +0.1) 'Y D187+ (y +0.1) 2> " DyyS7+ (w+0.1) > Dy,
0 0 0 0
(5.8)

* Coefficient Ky of influence of the tooth ends on shift in different phases

4 5 5
Kwe= Y Bog(S—0.05)"+ (y+1)" 'Y Big(S—=0.05)" + (w+1) > Bay(S—0.05)*
0 0 0

(5.9)
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Table 5.4 Coefficient Ky, of

influence of tooth ends on 4

phase effective contact S 0.05 0.10 0.15 0.20 0.25

stresses 0.500 3.15 2.45 2.51 2.63 2.65
0.475 2.46 2.20 2.37 2.53 2.57
0.463 1.66 1.97 2.21 243 2.49
0.450 1.52 1.72 2.05 2.32 2.39
0.425 1.31 1.26 1.82 2.09 2.22
0.400 1.19 1.18 1.41 2.03 2.05
0.375 1.12 1.11 1.17 1.72 1.85
0.350 1.06 1.08 1.12 1.34 1.80
0.325 1.02 1.04 1.09 1.13 1.54
0.300 1.01 1.04 1.06 1.08 1.26
0.275 1.00 1.03 1.05 1.05 1.13
0.250 1.00 1.02 1.03 1.03 1.09
0.200 1.00 1.01 1.02 1.02 1.05
0.150 1.00 1.01 1.01 1.02 1.02
0 1.00 1.00 1.00 1.00 1.00

Based on the above, it is possible to present the final formulas of the main
parameters of the strength calculation of Novikov gearing:

* Phase bending stress

OFs = YVYasI<FsFts/Wl2 (510)

» Phase effective contact stress

Oties = 19.931 K Kues Fopj 1, (5.11)
» Phase total (contact shear) displacement

—0.294
W, = 0.359Kw FOTm 0583 (p;; + 100) (0.111z,,

(5.12)
y = —0.294(0.111z,) "4,

where Fi, F,s are the tangential and normal partial forces, respectively, on the
contact spots in different phases of engagement, determined in the process of
modeling the real multi-pair gear engagement. In polynomials and tables S— the
distance of the theoretical point of contact to the middle of the gear rim (of base
position) is expressed in fractions of the length of the tooth.

Thus, the solution of the spatial contact problem for Novikov gear teeth with the
standard basic profile BP1 at the position of the contact spot in any zone along the
width of the gear rim makes it possible to obtain working formulas for determining
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bending and effective contact stresses, as well as the stiffness of the teeth, including
the coefficients of the influence of the ends of the gear rim on the main parameters of
the contact. The data obtained are the basis for finding permissible stresses and for
the definition of the operability of the gear and the resource of the gearbox as a
whole.

Using the working formulas (Eqgs. 5.10-5.12) for determining phase stresses and
displacements, it is possible to proceed to modeling the process of a real multi-pair
gear engagement to find permissible stresses.

For this purpose, a system of equations containing equations of the elastic balance
and shared displacement of the contact teeth has been compiled:

Wi+ 0ou +6L, =Wr=6u, +6l,="-=W, + éu, + dl,
n
ZFII':FIE; i=1...n.

i=1

(5.13)

Here, Fs is total tangential force, F\; is the partial tangential force on the i the
contact spot, and éu is a set of technological errors in the manufacture and assembly
of gears of the pair, expressed in the probabilistic aspect, which also includes errors
caused by deformations of the related parts (shafts, bearings, etc.) of the drive. The
solution is implemented by a specially developed program in the MAPLE-17
system. As a result, the tensest sections of the teeth and, accordingly, the load-
bearing capacity of the gearbox are determined.

Figure 5.1 shows two-stage gearboxes: serial 1Ts2U-200 with nitro-cemented
involute wheels and experimental 6Ts2-160 with nitro-cemented Novikov wheels,
calculated according to the developed technique. With the same torque
T = 2500 Nm, the experimental gearbox is almost 1.5 times lighter than the serial
one. With the same specific gravity G/T, which is one of the main indicators of the
technical and economic characteristics, an experienced gearbox transmits torque
35% higher than a production gearbox.

(a) (b)

Fig. 5.1 (a) Gearbox 1Ts2U-200 (involute gearing): 7= 2500 Nm, G = 170 kg; G/T = 0.068 kg/
Nm; (b) Gearbox 6Ts2-160 (Novikov gearing): 7 = 2500 Nm, G = 120 kg; G/T = 0.048 kg/Nm
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The gearbox 6Ts2-160, with our active participation, has passed many years of
factory tests. A large experimental series has been manufactured, which has been
successfully operated for many years in the drives of machines and mechanisms for
various purposes.

The technique described above was applied to the assessment of the technical
characteristics of special purpose gearboxes, in particular, drive gearboxes of oil
pumping units equipped with thermally improved Novikov gears with the initial BP2
circuit, which are widely produced in the industry. At the same time, a study of the
effectiveness of the longitudinal modification of the working surfaces of the teeth,
created by us to radically increase the load-bearing capacity of Novikov gears, was
carried out.

The technique described above was applied to the assessment of the technical
characteristics of special purpose gearboxes, in particular, drive gearboxes of oil
pumping units equipped with thermally improved Novikov gears with the initial BP2
circuit, which are widely produced in the industry. At the same time, a study of the
effectiveness of the longitudinal modification of the working surfaces of the teeth,
created by us to radically increase the load-bearing capacity of Novikov gears, was
carried out.

The task of improving the technical characteristics of the drive system of oilfield
equipment is highly relevant. One of the solutions to this problem is to reduce the
stresses of the teeth wheels in the drive gearboxes. This makes it possible to increase the
load-bearing capacity of the gearboxes and the resource of their operation. At the same
time, it is extremely important to preserve the radial and axial dimensions, as well as the
general gear ratios of the gears, which makes it relatively easy to achieve the goal
without performing any significant design and technological additional works in the
production of manufactured products. In the same sense, it is important to fundamen-
tally preserve the type of tooth-cutting and control tools for the manufacture of gears.

Oil pumping units (see Fig. 5.2), produced by the domestic industry by major
series, are widespread in the oil industry, working throughout the country under a
variety of climatic conditions.

It should be noted that the authoritative American company DARCO (USA),
which produces oil pumping machines and exports them to many countries of the
world, also uses Novikov gears, which the company considers the best variant,
confirmed by tests in China and by the National Aeronautics and Space Adminis-
tration (NASA), of equipping gearboxes serving oilfield equipment.

In order to modernize the gearbox of an oil pumping unit, we first considered it
expedient to replace the serial chevron gears with helical gears with special thrust
rings [10] and perceived axial loads, which allows the use of radial bearings without
requiring axial adjustment. Such a design has successfully passed a multi-year test
while operating the gearbox model TsNK250 and the series Ts3NK, producing
highly positive results [11]. In addition, it was necessary to preserve the basic profile
[3] as well as to not increase the radial and axial dimensions of the gearbox structure
while maintaining its total gear ratio, which, as mentioned above, contributes to a
significant facilitation of the use of the proposed modernization in production.

As the object of the study, the widespread three-stage gearbox Ts3NSH-450-40
was chosen (see Fig. 5.3).
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Fig. 5.2 General view of an
oil pumping unit

Gearbox

Fig. 5.3 Serial chevron
gearboxTs3NSH-450-40
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At the initial stage of the study, designing Novikov gears with a module exceed-
ing that used in a serial variant was proposed. In comparison with the existing serial
version, this led to a decrease in the stresses of the teeth along the contact strength by
approximately 1.12 times, an increase in the load-bearing capacity of the gearbox by
1.45 times, an increase in the service life by 2 times, and an increase in the bending
strength from 1.3 to 1.6 times, 1.74 times, and 4 times. Along the way, it was
possible to reduce the working width of the gear rims at various stages of the gearbox
from 1.26 to 1.64 times, which helped improve the weight and size characteristics of
the gearbox [12]. Thus, only the increase in the module significantly increased the
technical characteristics of the gearbox, which under the above conditions, as shown
in the study by Korotkin and Onishkov [12], could not be achieved in principle if
involute gears were used instead of Novikov gears.

Our research has revealed another significant reserve for reducing the stresses of
Novikov gear teeth, which is advisable to use together with the increase in the
module — this is a longitudinal modification of the barrel-shaped type of the working
surfaces of the teeth [5].

Figure 5.4a conditionally depicts a pair of the basic gear racks of gear 1 and the
wheel 2, which do not have errors according to the contact norms (éa = 0) and are in
contact with each other in a straight line, and, in Fig. 5.4b, the same pair with errors
according to the norms of contact, leading to a kinematic gap da # O at one of the
ends of the gear rim, is displayed.

(©) (d)

Fig. 5.4 Diagram of tooth contact variants
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Figure 5.4c shows the longitudinal flanking of the teeth. With this method, at one
of the elements of the pair (more convenient at the gear), the flanks at the ends of the
teeth with a depth of §f and a length of ¢ are removed. There are various methods of
longitudinal flanking of Novikov gear teeth, in which the line of flank is straight or
close to a straight line. With this method, the end of the teeth, as expected, is
completely turned off from work, but the main engagement cycle (on the
nonflanking part) remains the same, and the alignment of stresses along the contact
spots does not occur, which sometimes leads to not only a decrease but also an
increase in stresses [13]. Achieving significant stress equalization with the simulta-
neous exclusion of the end of the teeth from the engagement, as studies have shown,
is possible by performing a longitudinal modification, giving the surfaces of the teeth
a slightly barrel-shaped shape (see Fig. 5.4d).

A longitudinal modification is deviation of the contacting surfaces of the gears
from each other by a certain value 6/, called the modification parameter, which,
according to the parabolic law 6] = bi, /8p, decreases along the length of the tooth up
to zero in the middle part of the gear rim (p is the longitudinal radius of curvature of
the tooth surface). The removal 6/ is best carried out on one of the elements of the
toothed pair. As known, a similar method has been successfully used for involute
gearings.

Technologically, longitudinal modification of teeth does not present difficulties
and can be carried out in production in the same manner as it is performed to obtain
barrel-shaped teeth of involute gears, that is, either by diagonal gear milling [14] or
with the help of removable copiers to serial gear cutting machines or on tooth-
shaving machines with a swinging table [15], in which the radius of the copier is
re = ptgay (ax is the angle of the basic profile at the nominal theoretical point of
contact). The latter method is simpler and more preferable.

The results of the study presented below are obtained when the system (Eq. 5.13)
is solved with the addition of a modification parameter, 6l.

Table 5.5 shows a comparison of contact (oy) and bending (o) permissible phase
stresses of the modified teeth of Novikov helical gears with an enlarged module and
the teeth of serial wheels on the stages of the gearbox Ts3NSH-450-40, at a rated
torque Tyiix = 40, 000 Nm on the output shaft of the gearbox. On the left part of the
table are the values for the serial (unmodified) teeth and on the right are the values
obtained for the modified teeth. All gears in the compared gears are shown variants
are made without displacements of the basic profile when cutting teeth, from the
same material, with the same heat treatment and have really achievable in practice
technological deviations corresponding to approximately 9-10 of accuracy grade
(@if you focus on GOST 1643-81).

Longitudinal modification in combination with an increased module leads to a
significant reduction in the stresses of the teeth, and, for the input stage, it was also
possible to further reduce the width of the gear rim by 1.27 times.

Similarly, the efficiency of longitudinal modification of the teeth is shown in
Fig. 5.5, where 4, is the ratio of the permissible stress of the serial gearing to the
permissible stress of the modified teeth at the same torque 7' = 40,000 Nm (curves A)
and A7 is the ratio of the load-bearing capacity of the modified gearing to the load-
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Table 5.5 Strength characteristics of Novikov gears of three-stage gearboxes of the Ts3Sh-450-40
model with unmodified (serial version) and modified teeth with definition of the optimal ranges of
parameters o/

Parameter Serial variant Modified variant
Stage Gearraio |40 |63 (90 [125 |40 [63 [90 [125
Input (1) m, mm 6.3 8
oy, MPa 476 442 441 449 |268 250 |253 262
or, MPa 258 220 |201 189 |99 90 85 81
81, mm 0 0 0 0 0.06 ...0.07
Intermediate (2) m, mm 7.1 9.0
o, MPa 759 299
op, MPa 399 165
81, mm 0 0.09 ...0.11
Output (3) m, mm 8.0 10.0
o1, MPa 1023 420 ...455
op, MPa 662 325...350
81, mm 0 0.1...0.3
ﬂ'a’ j’T
4.5
4.0
B ﬂ“o‘ﬂ /17'
3.5 3.6
B
3.0 3.2
2.5 2.8
4 A
2.0 2.4
Steps . Steps
1.5 2.0
1 2 3 1 2 3
(a) (b)

Fig. 5.5 Schedules of the ratio 4,, A7 on the stages of the gearbox Ts3NSH-450-40

bearing capacity of the serial gearing at the equality of the permissible stresses
(curves B). Figure 5.5a shows the contact strength and Fig. 5.5b demonstartes
bending.

The high efficiency of the modification is clearly visible. So, for the most loaded
(output) stage of the gearbox, we have A, = 2.25 ... 2.44, Ar = 3.9 by contact and
As = 1.89...2.04, A7 = 2.8 by bend. A similar effect is visible for other gear stages.
Of course, it is possible to implement it, apparently, only partially, otherwise it
will be necessary to modernize the shafts and bearings. However, it is safe to say
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that modified Novikov gearing will not be a limiting link at all stages of the gearbox
Ts3NSH-450-40 and also in the rest of the gearboxes of the oil pumping units
produced.

The effect of reducing stress at the request of consumers can be obtained in
another manner. If the gearbox is operated with a serial load (40,000 Nm on the
output shaft), then with the obtained reduced stresses of the modified teeth, the
resource of the gearbox in accordance with the fatigue curves [4] will increase
significantly, based on both contact and bending strength.

Considering the question of increasing the resource of the gearbox, it is necessary
to use the well-known universal dependence of the type 6?N = const [16], arising
from the Wohler fatigue curve, where o is the stress, ¢ is an indicator of the degree of
the fatigue curve, and N is the number of cycles of the gear wheel.

According to GOST 21354-87 [4], the contact fatigue curve has two inclined
sections with a degree index of ¢ = gy = 6 and g = gy = 20 and the bending
endurance curve, in our case, has one inclined section with a degree index of
q = gqr = 6, before passing into a horizontal section with long durability. Thus,
reducing the contact and bending stresses at constant load will increase durability by
at least 1-2 orders of magnitude.

The developed computational program determines not only the permissible
stresses in the areas but also looks for the optimal modification parameters at
which these voltages will be minimal. Such parameters are indicated in Table 5.5.
It should be noted that it is not desirable to markedly deviate from the recommended
ranges of the modification parameters specified in the table, within which the
reduced voltages are obtained because, otherwise, the permissible stresses will
begin to grow, as can be seen from Fig. 5.6.
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Fig. 5.6 Graphs of changes in bending stresses (A) and effective contact stresses (B) of the
modified teeth of Novikov gears at the output stage of the gearbox Ts3NSH-450-40 depending
on the values of the modification parameter 6/



References 141

Analysis of the results shows that an increase in the module of the teeth basically
leads to a decrease in the bending tension of the teeth and that the longitudinal
modification dramatically reduces their contact tension.

In summary, it can be argued that the longitudinal modification of the teeth of
Novikov gears in combination with an enlarged module is a highly effective and
fundamentally technologically simple way to radically improve the technical and
economic characteristics of drive gearboxes produced by the domestic industry of oil
pumping machines, ensuring their high competitiveness in the world market.
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Chapter 6 )
Some Features of the Contact Strength S
of Novikov Gearing

Viktor I. Korotkin and Nikolay P. Onishkov

Theoretically, the contact point of the interacting teeth of Novikov gears under load
turns into local contact with an instantaneous contact pad (ICP) of an elliptical, or
close to it, form provided during the design. At the same time, effective contact
stresses determined in accordance with the Fourth theory strength, . (which in some
sources are called stress intensity), regardless of the hardness of the working surfaces
of the teeth, have traditionally been determined in the center of the ICP and were
considered as permissible stresses—that is, determining the load-bearing capacity of
the gearing [1, 2].

For the plastic material of steel teeth of relatively low hardness (i.e., normalized,
thermally improved) with a coefficient ellipticity, § < 0.45, which is the ratio of the
sizes of the small (b) to the large (a) semi-axle of the ICP; this approach is quite
justified. When f>0.45 the maximum effective stresses o, are shifted to the
periphery side of the contact pad [2], and when f=1 (i.e., circular contact pad)
one has on the periphery the largest excess over stress o, in the center the; however,
such cases in the gears practically do not occur.

As for teeth hardened by chemical heat treatment (CHT), then, as will be shown
in the following, permissible contact stresses, o, can occur at the end of the large or
small semi-axel of the ICP at some value, ﬁ This is because of the fact that stretching
stresses appear at the boundaries of the ICP, leading to pure shift; and a rather fragile
hardened CHT material, unlike plastic, is much more sensitive to tensile stresses than
to compressive ones, which is usually characterized by the plasticity parameter
x = o,/o_, where o,, 6_ —uniaxial stress of destruction, respectively, stretching
and compression. Obviously: for absolutely plastic materials, y = 1; for absolutely
fragile, y = 0.
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Fig. 6.1 Example of
destruction of
nitrocarburized teeth of
Novikov gears

Note that for Novikov gearing, contact calculations for the strength of the teeth’s
working surfaces with convex—concave local contact reliability was considered to be
secondary. Surface contact strength was supposed to be a priori provided, and
failures, as it was believed, were associated with fractures and chips from excessive
bending stresses.

Still, analysis of some published data [3] on the occurrence at the border of the
ICP (especially in materials prone to embrittlement) of radial microcracks growing
with repeated (even insignificant) stresses, makes one pay serious attention to the
detected phenomenon. An additional impetus to the need to study the stress—strain
state (SSS) of the teeth in the area of the boundaries of contact spots was given by the
following circumstance.

During the tests of Novikov’s nitrocemented gears [1], no cases of pitting corro-
sion were recorded, the destruction of Novikov’s teeth was in the nature of end
breakage and in most cases the primary surface defects were localized in the active
zone near the boundaries of the contact spot, and the fracture surface was close in
some cases to a flat surface (see Fig. 6.1). This implies a pure shift under the action of
tangential stresses.

The purpose of this work is to substantiate the possibility of destruction of gear
teeth in the area of the boundaries of the ICP and to assess the influence of the
contact conditions of high-stressed surface-hardened gears with the teeth’s local
contact on the initiation of alternative (i.e., noncontact) types of their destruction.

It is known that for heat-improved steels there is a close to linear dependence of
tensile strength on the o5, hardness H according to Brinell: o, =~ 0, 34HB and the
conditional yield strengths under tension (6, ».) and compression (oo, »—) are taken
to be equal. Yet, the increase in hardness over (450...500)HB leads to a violation of
these ratios—a clear display of differences in tensile strength (¢,,) and compression
(05-): Oy >> 04y, 0p, 24approaching oy,,, 0o, 2 << 065 [4, 5]. The role of
tangential stresses in the process of destruction with the growth of the fragility of
the material decreases, destruction will be brittle or mixed (i.e., brittle-plastic)
depending on the stiffness of the load. Under these conditions, the use of plasticity
criteria (i.e., Treck, Mises) in assessing the strength leads to incorrect results. Studies
have shown that the use of the Lebedev—Pisarenko limit state criterion for structur-
ally inhomogeneous material [5] was more objective, in which the current permis-
sible (i.e., critical) stresses are o, determined by the formulas:

O =)0, + (1 _)()O'lAl ~ (ovtortos)/oe <[d] (6.1)
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Here oy, 05, 03 = the main stresses; A = 0,7...0,8 = statistical parameter of
defectiveness; [6] = some allowable stress for a uniaxial stress state—of stretch =
[o]. or of compression [¢] = [¢]_ = [o]./y. For plastic materials y = 1, 6., = 0., and
evaluation of strength assessment can be made according to the criterion of plasticity
of Treck, Mises.

The limit state criterion allows one to consider the effect of load stiffness on the
decrease or increase [¢] depending on the sign ;. Within the framework of the
proposed model, the change in these properties is considered by a change in the
plasticity parameter. The processing of available experimental data, summarized in
Reference [1], made it possible to accept y = 1 for thermal improvement of steels in
the first approximation, and for a high-quality alloyed tool and bearing steels at
H=(62...64) HRCe to accept y = 0.6...0.7. For hardened structural carbon steels, it
is possible to reduce the parameter y to 0.45...0,55.

The use of calculation models based on the criterion of the limit state made it
possible to make significant clarifications in the assessment of the deep contact
strength of Novikov’s surface-hardened gears) [1, 6] and to substantiate the inexpe-
diency of overestimating the hardness of working surfaces H, over (58...60)
HRCe; whereas, the recommendations of GOST 21354-87 allow up H, to
65HRCe. Consider, for example, the features of SSS in the field of theoretical
point contact “sphere-to-plane” with a circular contact pad.

The stresses on the entire surface of the contact area are compressive, except for
the area of its boundary. At the ends of the radius r there are equal voltages
modulo—radial (tensile) and circumferential (compressive). The effective stresses
o., according to the Mises criterion at the Poisson coefficient of 0.3 in this case for
the circular region of the ICP, are equal 6.9 = 0, 2p, in the center of the IPC and o,
= 0.231p, at the border of the ICP ( p, = pressure in the center of the ICP, the lower
index “0” refers to the center of the IPC, the index “r’ = the border of the ICP).
Consequently, the congestion of the ICP boundary relative to the center is 15.5%.
For hardened alloy structural steels at Hy ~ (60...62) HRCe and at the parameter of
plasticity y =~ 0.7, according to the Lebedev—Pisarenko permissible stresses, will be:
in the center o0 = 0, 143pq of the ICP and at the border 6., = 0, 186p, of the ICP—
that is, the relative tension of the border zone increased approximately 12—13%. But
in addition to the increase in relative tension, it is important to keep in mind that the
level of permissible stresses in the center of the ICP is because of the compressive
strength of the material, while at the edge of the ICP it is tensile strength (in the first
approximation, the corresponding permissible stress can be considered proportional
2 17, 8].

The shear stress is maximum at the circular contact area and decreases as the
elliptic coefficient, 3, decreases. Accordingly, the permissible stresses at the bound-
aries of the ICP decrease and increase in its center. Comparative graphics of changes
in tension [6] (stresses are normalized by p,) depending on f on the elliptical ICP
shown in Fig. 6.2. (The components of the stress tensor are defined by [6, 7]). From
Fig. 6.2 follows:
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Fig. 6.2 The tension on the elliptical ICP depending on the elliptic coefficient f; 1.2 — 6.0, Ocro,
respectively, the effective stresses and permissible stresses at the plasticity parameter y = 0.7 in the
center of IPC; 3,4 — 6,4, 0. permissible stresses at borders respectively of large and small semi-
axles of contact ellipse; 5 — o¢r/y; 6 —Oely

(a) for all values f — 6co < e

(b) when ﬁ > 0,2 one has o../y > 6.0, Which increases the danger of end breakage

(c) at # > 0.35 the permissible stresses at both boundaries of the semi-axles of the
ICP become determinative of the danger of the slice

Studies conducted for Novikov gearings in a wide range of parameters of the basic
profile and geometry of the gears showed that by varying these parameters, it is
possible, by changing the elliptic coefficient, to control the ratio of permissible
stresses in the center and at the borders of the contact pad and thereby identify the
teeth’s dangerous areas .

The increase in hardness determines the increase in the contact strength of steel
parts, but at the same time there is a decrease in the plastic properties of the material
with the opposite tendency. Consequently, there is, as mentioned earlier, some
threshold value of the hardness of steel, after which its further increase will give a
negative effect. As part of the study of deep contact strength of chemically—ther-
mally hardened gears based on the Lebedev—Pisarenko criterion, the acting stresses
were determined by formula (6.1), and allowable stress by the formula in Reference

[9]:

[6] =[o] _ =x(x —0, 11128)HyyD (6.2)
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where D = Znk K K>K3K,Ks: Zyk = longevity coefficient, K| — K5 = coefficients
taking into account the nature of contact, the number of potentially dangerous zones,
the effect of tangential load, the quality of the material and CHT, and the dispersion
of material properties in the layer.

The dependence shown in formula (6.2) was obtained in the study of deep contact
strength and resolved with respect to destroying compression stresses. On the
surface, at the border of the ICP, there is a shift and destructive stresses (i.e.,
stretching). Hardened steels have various resistances to tension and compression,
therefore the allowable stresses for the boundary zone are, taken in the first approx-
imation, reduced by proportionally, y:

[6] = (o], =x*(x — 0, 11128)HyvD (6.3)

The approximation of the dependence (6.3) is explained by the fact that the
parameter D does not consider the possible decrease in the mechanical characteris-
tics of the material caused by inevitable surface defects, estimated by several authors
as 10-15%. Let’s analyze the effect of hardness on the bearing capacity of the
contact on the example of the case discussed previously—the sphere—plane contact.

Source data:

* In the center of the IPC: 619 = 650 = — 0, 8pg, 630 = — po, 60 = 0, 2po,
* On the border of the IPC: o,, = 0, 133pg, 65, = 0, 65, = — 0, 133pg, 6., = 0,
231p0

* Considered interval of change of hardness: Hy = (650 — 800)HV

As the calculations showed, and with the equality of the operating and permissi-
ble stresses (6.1) and (6.2) for the center of the ICP and (6.1) and (6.3) for the
boundary of the ICP, one understands that in the central zone of the ICP the change
in hardness does not lead to a noticeable fluctuation in pressures. On the border of the
same spot, where there is a oy, > 0 decrease (with increasing hardness) of the
plasticity parameter, one gets a significant decrease, po (up to 30%). Thus, increasing
the hardness above 700HV (58HRCe) is impractical.

6.1 Conclusions

1. For the first time it was found that stress for a hardened gear of the CHT at local
elliptical contact on its the periphery can exceed the stress in its center and initiate
alternative types of failures (e.g., the observed fracture of the teeth).

2. Itis necessary to conduct additional research and clarify the levels of permissible
stresses within the contact area.

3. To prevent a possible decrease in the contact strength of the teeth, especially
along the boundary area of the ICP, it is desirable to limit the hardness of their
working surfaces to the level of 58HRCe.
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Chapter 7 ®)
Tooth Relieving of Worm Hobs for Cutting e
Novikov Gears with Double Lines of Action

Aleksandr Sandler

7.1 Introduction

The peculiarity of the formation of screw and relieved surfaces by disk grinding
wheels lies in the inevitable deviation of the profile of the ground surface from the
profile of the wheel, which is called an organic error. For a straight basic rack, this
organic error is minimized as much as possible, or, at the attained degree of
minimization, an obtained profile is taken as the basic rack [1-3]. For screw and
relieved surfaces with a profile of substantial and variable curvature, this organic
error must be eliminated to the maximum degree.

A well-known example of a solution to this problem is the method of forming a
profile of an unruled worm of the ZT2 type, proposed by F.L. Litvin in 1961 (later, in
the monograph by Litvin and Fuentes [4], such worms were considered as worms of
the ZF-1II type). In this example, the axial profile of a grinding wheel was set in the
form of a circular arc. Then, based on the condition that this arc is the contact line of
the wheel and the ground surface, the angle of installation of the grinding wheel axis
and the axial profile of the worm thread were sought. Obviously, to obtain a worm
hob with the relieved surfaces of the teeth close in profile to the found worm threads,
a solution for the inverse problem is required.

In the studies by Sandler et al. [2] and Sandler and Lagutin [5], the authors
proposed a solution for a similar problem with respect to the convex thread profile of
the worm and the hob for cutting the teeth of gears with liquid friction. They
specified a substantially curvilinear axial profile of the working worm (or the
hob’s generating worm) and also took the profile of the grinding wheel in the axial
section of the worm. The setting angle of the grinding wheel axis is determined on
the basis of the condition that this axis intersects two normal lines to the thread axial
profile and lies on a plane parallel to the axis of the worm. The proposed method
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ensures minimization of the organic error in the profiling of the worm thread and,
taking into account a similar organic error in tool profiling, the necessary identity of
the profile of the hob’s generating worm.

In the work by Sandler and Lagutin [6], the authors made the first attempt to apply
the general principles of this method to the study of the relieving process of worm
hobs for cutting Novikov gears. In this case, two significant factors were taken into
account. First, the curvature of the profile of the generating rack of these worm hobs
is a variable in terms of not only its radius of curvature but also its sign. Second, the
possibilities of the relieving machine allow setting the axis of the grinding wheel on
a plane not parallel to the axis of the ground product that improves the grinding
conditions for a number of parameters.

In this work, this research is developed and continued. This has solved the main
issues of the relieving technique, which are functionally oriented to solving the
following problems: providing the rear angles of the teeth necessary for the wear
resistance of the cutting edges of the hob, minimizing the organic error of the profile
of the generating rack, and determining the main parameters for setting up the
relieving machine and the profile of the grinding wheel.

7.2 Novikov Gearing: Parameters of the Basic Rack

For the first time, helical gears with an initial point tangency of the circular-helical
surfaces of the teeth were proposed by the eminent American inventor E. Wildhaber
in 1926 with a US patent no. 1,601,750.l However, at that time, this invention went
unnoticed, and such gears underwent rapid development only after the Soviet
engineer M.L. Novikov formulated the general principle of their formation and
showed that they will have an increased load capacity, primarily in contact endur-
ance [7]. The fundamental novelty of Novikov’s invention was analyzed in the
works by S.P. Radzevich [8, 9].

Initially, M.L. Novikov proposed a version of helical overcentrode gears, in
which tooth profiles, convex on the pinion and concave on the wheel, were delin-
eated with the circular arcs in the face section of the gears. Later on,
V.N. Kudryavtsev showed that the same effect can be achieved in gears synthesized
on the basis of two incongruent basic racks with the circular-arc profiles and cut by
two worm hobs: one for the pinion with convex teeth and the other for the wheel with
concave ones [10].

"A comment from the editor: It is proven [8] that the invention by E. Wildhaber (1926) is not
workable at all, as the fundamental laws of gearing are violated in this invention. It is also proven [8]
that the fundamental laws of gearing are fulfilled in Novikov gearing, and, therefore, Novikov
gearing is workable. It is a wrong practice to combine Novikov gearing with the helical gearing by
E. Wildhaber in a common term — the terms “Wildhaber—Novikov gearing” and “W-N gearing” are
meaningless by nature.
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Fig. 7.1 Basic rack for p=1m
Novikov gears according to
GOST 15023-76 e
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However, at present, basic racks are standardized and widely used in production
with a full tooth profile, which provides, in gears, two lines of action and allows for
cutting the pinion and the wheel by one worm hob [11]. In particular, according to
the Russian Standard GOST 15023-76, a basic rack consists of a convex addendum,
a concave dedendum, and a short straight section between them. The geometry of
Novikov gears with two lines of action is calculated according to the Russian
Standard GOST 17744-72. Figure 7.1 shows the main parameters of a basic rack,
the values of which depend on a range of modules.

The pressure angle o at the predetermined contact points on the tooth addendum
and dedendum is equal to 27° for any case. These points are also characterized by
parameters such as the distance Ay from the pitch line, the hob tooth width ey at its
addendum, and the space width Sy at its dedendum; the difference ji, = e, — Sk
provides a backlash between the teeth of the wheels to be cut. The pressure angle a in
the straight section of the tooth depends on the module and is equal to ~8°.

The hob tooth in the normal section is formed according to the dimensions of the
space of the basic rack. Similarly, the space between the hob teeth forms the tooth of
the wheel to be cut.

The convex profile of the hob tooth is outlined by the radius r¢, the center of
curvature of which is located at a distance /s from the axis of symmetry of the head
and is shifted relative to the pitch line to the hob axis by x;. The center of the concave
arc radius r, of the hob tooth space is located on the pitch line, at a distance [/, from
the axis of symmetry of the space. Dimensions along the pitch line are the thickness
e of the hob tooth and the width S of the hob space. The height /¢ of the hob tooth
head is equal to the dedendum of the gear to be cut. The depth of the space is equal to
the sum of the addendum £, of the gear and the radial clearance ¢ between the gear
and the hob when cutting. Moreover, in Fig. 7.1, the height &,, of the tooth active
profile in the gear and the radii r; of the arc transition curves on the head and in the
space of the hob tooth are indicated.
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7.3 'Worm Hob Parameters

The main parameters of any worm hob are the axial module m, the radius rg of the
pitch cylinder, the number of treads zj, the screw parameter p = 0.5m zo of the
generating surface, and the number of teeth z; in the face section. From these data,
the lead angle y, of the helical surface of the cutting edges on the hob pitch cylinder
is determined from the expression:

tan y, =p/rg (7.1)

The worm hob design profile (a generating rack) is considered in the normal
section of the generating worm, which is tangent to the screw front surface. For
single-thread hobs, this section and the front surface practically coincides in the
profiling zone.

When cutting the teeth on a gear hobbing machine, the plane of the generating
rack is installed perpendicular to the direction of the teeth of the cut wheel, while the
hob axis is set, taking into account the lead angle of the hob front surface.

When the teeth of the worm hob are relieved, its axis is installed in the centers of
the grinding-relieving machine, that is, in the horizontal plane. For a reliable
reproduction of the profile of the generating rack in the normal section of the hob,
with the adopted profiling method, it is necessary to recalculate the parameters of the
profile of the generating rack into the axial section of the tooth surface to be relieved.

First of all, it is necessary to determine the axial profile of the helical surface, on
which the cutting edges of the hob teeth are located. To do this, the prescribed angle
a of the normal profile of the straight section should be replaced by an angle a; of the
axial profile according to the formula:

tan @) = tan @/ cos y, (7.2)

The curvature radii r, and r; of the two parts of the active profile in the normal
section are replaced by the corresponding radii 7,y and rg, in the axial section. For
single-thread hobs, these radii with a sufficient approximation are determined by the
Meusnier theorem from the expression:

T20,£0 = Ta £/ COS ¥} (7.3)

The arc radius r; on the head of the hob tooth, which is a processed fillet of the
wheel tooth, in the normal section is replaced with the corresponding radius ry in the
axial section of the hob. According to Euler’s formula, these radii are related by the
expression:

ro =ri/ cos 2 71 (7.4)
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The thread thickness b in the axial section should be determined on the minimum
ground radius r,;, of the hob, proceeding from the thickness b,, of the normal section
at the end point of machining:

b=by/cos y (7.5)

rmin)

where Y(rme) = atan (p/rmin) 1s the lead angle on the hob dedendum cylinder.

The calculated coordinates of the axial profile of the helical surface of the cutting
edges are related to the coordinates of the generating rack profile by the
dependencies:

» For point 4, on the tooth dedendum:

X01 = Xn15201 = Zn1/ COS V501
tan ap; = tan an1/ cos 7,91,

where:

za1 =0,57my, + L,—(re—xn1) cot ay

Yx01 = atan (p/xo1),

» For point 4, on the tooth addendum

X02 = Xn2
202 = Zn2/ COS Yy
tan agy = tan apy/ CoS 7.0,

where:

Zn2 = (Xn2—rF + X¢) COt atnr—lf

Yx02 = atan (p/xo2)

The found parameters of the axial section of the helical surface of the cutting
edges of the hob teeth are also parameters of the axial section of the relieved surfaces
of the teeth.

For clarity, let us consider Fig. 7.2, which shows an example of the basic rack for
gears with the module m,, = 12 mm.

For full-profile Novikov gears, the pitch line of the basic rack divides the tooth
height in half. The active parts of the hob tooth profile are limited by the dimensions
10.2 and 10.32 mm from the pitch line. At the same points, there is a joint of the
radius sections of the profile. The tooth thickness in the normal section at the
minimum machining diameter is b, = 31.7 mm.
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Fig. 7.2 An example of the basic rack of the hob for gears with the module m,, = 12 mm

The “predesigned parameters” of the worm cutter are as follows: the outer
diameter is 180 mm; the number of hob threads zy = 1; the number of teeth in the
face section zy = 10; the pitch diameter is 155.55 or its radius rg = 77.775 mm; and
the fall of the relieving cam on the outer cylinder K = 10 mm.

The “calculated parameters” are as follows: the axial module m = 12.038; the
screw parameter of the generating worm p = 6.019; the lead angle on the pitch
cylinder yr = 4.425°; the parameter of relieving k = K z¢/2z = 15.915; the minimum
radius of grinding on the cylinder of hob spaces 7, = 66.215; the lead angle on this
cylinder is 5.194°; and the maximum tooth thickness b = 31.83.

The parameters of the axial profile of the hob generating surface are as follows:
the minimum pressure angle on the straight section o ,;, = 7.7523°; the concave arc
radius on the tooth head rof = 14.823; the convex arc radius in the space
roa = 13.938; and the radii of transitive curves on the tooth head r; = 7.096 and
in the space r; , = 7.002. The pressure angles at special points of the work area are as
follows:

* At a point of conjugation of the radii rof and r;; on the head of the tooth
aor = 46.95°

+ At the contact point on the head of the tooth ay, = 27.35°

* At a point of conjugation of the radii ry, and r;, in the space ap, = 47.34°

* At the contact point in the space ag, = 27.08°
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7.4 Parameters of Radial-Axial Relieving

The hobs for cutting the involute gears have an almost straight tooth profile with the
pressure angle oy =~ 20°. The relieving of such hobs is usually carried out by the
radial method.

The tooth of hobs for cutting Novikov gears has a substantially curved profile
with a large difference in pressure angles. The pressure angle in the straight section
of the tooth profile near the line is ay = 8°, and, therefore, the rear angles in this
section are minimal, which, during cutting, significantly reduces the wear resistance
of the cutters as a whole, since it is precisely in this section that they are intensively
formed wear sites [12]. In addition to the arc sections with large pressure angles, a
large shift of the profile relief surface relative to the pitch line will occur, which will
appear at re-sharpening of the hob. So, such hobs cannot be relieved with only a
purely radial method, and, therefore, radial-axial relieving must be used.

In the general case of radial—axial relieving of the teeth of the worm hob [1-3], the
direction of relieving motion is perpendicular to the hob axis an angle ¢., which
ensures obtaining a necessary rear angle Ag near the cutting edges of the hob teeth.

The grinding wheel axis O,,~O,, is turned (in the projection to the horizontal
plane) at an angle ¢, to the hob axis O;—0O; (see Fig. 7.5) and is simultaneously
inclined to this plane by the angle f,,. Such a method of setting the axis of the
grinding wheel eliminates the large differences in the curvature of the grinding
surface of the wheel, improves the grinding conditions, and increases the life of
the grinding wheel.

During the relieving, the hob rotates around its axis O,—0; with the angular
velocity w,, the grinding wheel moves along the hob axis at a speed pw; and
performs reciprocating motion with a speed kw,, where k = K z¢/2x is the relieving
parameter and K is the recession of the Archimedean spiral of the cam of the
relieving mechanism on the angular pitch of the hob teeth. The relieving carriage
slides are turned perpendicular to the hob axis by an angle ¢., which allows
increasing the rear angle 1, on the lateral surface of the tooth.

The current radius ry, of the grinding wheel is determined at the point of its
contact with the tooth of the hob on its current cylinder. For the initial position of the
wheel, it is advisable to take the tangency of its maximum radius ry,, with the
minimum radius of the work piece surface 7; yp.

With radial-axial relieving, the lead angle y,, of the relieved surface at each of the
two selected points (i ) is determined from the expression [1, 2]:

tan yo;, = [p+k sin (a; + @.)/ cos a;]/xo; (7.6)

where the radius xy; of the location of the selected point on the ground surface is
determined from the drawing of the product.

T3]

The sign “+” in square brackets refers to the teeth side where the lead angle of the
relieved surface is greater than the lead angle of the generating surface of the hob,

w9

sign “—”, respectively, to the opposite side of the teeth.
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From formula Eq. (7.6), it follows that the values of the angles y,; depend on the
angle ¢. of the installation of the relieving support, which is determined by the
required rear angle near the cutting edge of the tooth. For hobs with variable profile
curvatures, this angle is determined in the area with the smallest value of the angle
ag;, that is, in the considered example for a straight-line segment near the pitch line,
where g min = 7.7523°.

7.5 Calculation of the Angle ¢ Installation of the Relieving
Support of the Machine

For worm hobs intended for finish cutting of involute gears with module 12 mm of
the thermally hardened steel, the Russian State Standard 9324-80 recommends
parameters of radial relieving providing a normal relief angle of ~4° on a pitch
cylinder. Based on this recommendation, for the considered type of hob, we establish
the following dependence, which ensures the determination of ¢, with sufficient
accuracy for practical calculations:

(tan yop — tan y,p) COS Aomin = tan 4° (7.7)

Expanding the meanings of tan yor from Eq. (7.6) and tan y,z = p/rg, we obtain
the following expression for determining the value of ¢,:

sin (@omin + @ery) =0.44 rr/ (Kzg) (7.8)

The subscript “g” relates to the right and left sides of the hob tooth. For the
example considered above with o i, = 7.7523°, we obtain @.r 1 = 12.229°, taking
into account the price of the rotation angle scale that we set according to the rounding
rules. g.rL = 12°.

Table 7.1 shows the calculated parameters of the profile of the hob tooth and the
lead angles of the relieved surface of the teeth at seven key points of the profile i = 1

LT

. The boundary of the active section of the profile on the tooth leg

. The point of contact on the leg of the hob tooth

. The conjugation of the arc concave section with a rectilinear section
. The point on the hob pitch cylinder

. The conjugation of the rectilinear and arc sections on the tooth head
. The point of contact on the head of the hob tooth

. The boundary of the active section of the profile on the tooth head

~N N kW=

In Figs. 7.3 and 7.4, the graphs of the dependence of the lead angles y,; of the
relieved surface on the radius xy; = r; of the profile point, taking into account the
pressure angle ay; at ¢, = 12°, are shown for both sides of the tooth.
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Table 7.1 Parameters of hob tooth profile in key points (for the given example)

Lead angles of
relieved surface on
Radius of Lead angle of screw | the tooth sides:
Numbers of | point, mm | Pressure angle in surface of cutting Right,
profile points | x; = r; axial section, ap;° | edges, 7,° Yoir® Left, yoi.°
1 67.575 47.338 5.09 21.207 | —11.853
2 71.467 27.079 4.814 13.598 | —4.200
3 75.906 7.752 4.587 8.576 0.446
4 77.775 7.752 4.425 8.373 0.435
5 79.25 7.752 4.343 8.219 0.427
6 84.083 27.35 4.094 11.679 | —3.635
7 88.095 46.951 3.909 16.439 | —9.001
0iR
A
25
20 \

; MM
0 >
67.575 71.467 75.906 77.775 79.25 84.083 88.095

Fig. 7.3 Graph of the function yo;r = f(r;) — right tooth side

Analysis of the calculated data shows that the lateral surfaces of the teeth of such a
hob are organically characterized by the presence of paired points with equal lead
angles of the relieved surface, but the values of these angles differ significantly from
the lead angle of the helical generating surface. In this regard, still one task when
choosing the relieving parameters is to exclude pruning of the cutting edges of the
teeth.
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Fig. 7.4 Graph of the function yo;r = f(r;) — left tooth side

7.6 Choice of the Designed Points to Construct Designed
Normals

The choice of two points of the axial profile of the relieved surface with the
parameters A (xo1, Zo1, @o1) and Ax(xoz, 202, Aoz) must satisfy two conditions. First,
as much as possible, the part between the selected points should cover the active part
of the tooth profile, including contact points (ay = 27°). Second, undercutting of the
tooth cutting edges should be excluded.

To do this, on the right side of the teeth of the hob with right-hand threads, the
angle f,, of setting the axis of the grinding wheel in a plane parallel to the hob axis
should not significantly exceed the maximum lead angle of the generating surface.
When relieving of the opposite side of the tooth, the angle f,, should not be
substantially less than the lead angle of the helical surface of the cutting edges on
the tooth head.

Point A; should be selected on the tooth leg of the hob and point A, on its head. A
study conducted with concrete examples (see the calculation example below)
showed that these conditions are most fully satisfied if, as point A;, we select the
design contact point in the tooth space on a concave arc at ag; = 27° (point 2 in the
Table 7.1). As point 4,, we should choose the conjugation of the convex arc section
with the transition curve on the tooth head at oy, = 47° (point 7 in Table 7.1). In this
case, the angle f,, of the inclination of the wheel axis is less than the smaller of the
values of the angle y; at the selected design points.
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7.7 Determination of the Angle f,, of Inclination
of the Grinding Wheel Axis

The design scheme for determining the angle f,, of setting the axis of the grinding
wheel for radial—axial relieving of surfaces with a variable curvature profile is shown
in Fig. 7.5.

In the coordinate system XYZ (see Fig. 7.5), the Z-axis is directed along the axis of
the hob, the X-axis is aligned with the axis of symmetry of the thread, XZ is the plane
of the axial section of the hob, and the Y-axis is perpendicular to this section. The
plane of the axis of the grinding wheel is parallel to the Y-axis and intersects the X-
axis at a distance a to the Z-axis under an angle ¢, # O.

Fig.7.5 The design scheme
for determining the angle
P of the installation of the
axis of the grinding wheel
for radially axial occultation
of surfaces with a profile of
variable curvature

fip of hob
footh

Xpz

X
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As shown in the lower projection of Fig. 7.5, the value of distance a is
determined as:

@="rimin + 0.5btan @y + rym/ cos @, (7.9)
where b is the thickness of the worm thread being ground with a minimum radius r;
min-
The equation of the plane containing the axis of the grinding wheel is written in
the form:

x(z) =a—z tan ¢, (7.10)

The coordinate z; of the intersection of normals restored from points 4, and 4,
with the plane of the axis of the grinding wheel is:

Zi(1, 2) = (@—xXo; + zoi tan a;) /(tan a; + tan gy) (7.11)

The two other coordinates x;(; o) and y;(; 2, of each of the intersection points of the

normals with this plane are determined through z;, When determining the coordinate
Yic1.2) we should consider the frontal projection (view C):

Xi(12) = a—z;tan @g;y;(1.2) = (zi—z0i) tan yy (7.12)

The angle f of the inclination of the axis of the grinding wheel is determined in

the tangent function (from top view on the plane of the axis of the grinding wheel) by
the formula:

tan B, = Y1 =)o (7.13)
\/(xl *xz)z + (z1— Zz)2

7.8 Choice of the Angle ¢, for Relieving the Tooth Flanks

As mentioned above, turning the hob axis by the angle ¢, improves grinding
conditions by increasing the curvature of the surface of the wheel at the points of
contact with a processed surface and reduces the difference between the angle f,, of
the inclination of the wheel axis and the lead angles of the helical line of the cutting
edges of the hob teeth. The choice of the angle ¢, is determined by two restrictions.
On the one hand, it is necessary to minimize the mentioned difference of angles
Pw and yo,. On the other hand, the value ¢, should not lead to pruning of the cutting
edges of the teeth on the opposite side of the thread of the generating surface, i.e., the
grinding wheel should enter the space without damaging the adjacent tooth.
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Now, we consider the issue of pruning prevention in more detail. The minimum
distance between the back (flat) side of the grinding wheel and the opposite side of
the thread of the generating surface takes place opposite to the most protruding point
on the head of the hob tooth. Such a point is a contact point on the tooth head with a
pressure angle ag; =~ 27°.

Due to the difference between the angle S, of the wheel inclination and the lead
angle y; of the generating surfaces, the dangerous zone of approach of the surfaces is
shifted from the horizontal plane (down when processing the right side of the tooth).
The dangerous approach reaches its maximum value at the extreme point of inter-
section of the face sections of the outer wheel cylinder (radius ry,,) and the cylinder
of the hob radius (rg + hy) at the contact point on the tooth head. For simple
geometric reasons, the distance from this point to the horizontal plane is determined
by the formula:

I max = F'wm SIN 7, (7.14)
where:
’%Jm + (rwm =+ 7 min )2*(’”1: + hk)z
W =acos ( Tromram + 7o) (7.15)

The linear displacement A of the back surface of the grinding wheel to the middle
of the space at a length [, in a screw projection onto the axial plane of the cutter to
both tooth sides will be:

ArL=~ + ! max [tan ﬂwR,L cos q]Ofp/(rF + hk)} (716)
where the sign “+” relates to the right side of the right-hand hob and the sign “—” to
its left side.

In the angular dimension, this displacement is determined from the expression:

tan (pﬂ:A/(l’F—Fhk) (7.17)

The pruning of the cutting edges of the opposite side of the thread is guaranteed to
be excluded to satisfy the condition ¢, + @4 < ap;, where the value ), is accepted for
the key point 6 from Table 7.1. For a preliminary calculation of the relieving
parameters, the angle ¢ should be considered as ¢y = 18°. Then, having determined
the angle ¢y by formula Eq. (7.17), it is possible to correct the angle ¢, by increasing
it to the maximum permissible value:

Pomax — X0i—Pp- (718)
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Given that increasing ¢, reduces the desired value of the angle f, such an
adjustment is advisable.

As an example, we will calculate the relieving parameters f,, and ¢ as applied to
the hob considered above and study the features of the resulting side surfaces.

As the initial points for constructing the designed normals, we take the points: on
the leg A, at the contact point with the pressure angle ay; = 27° (key point 2 from
Table 7.1) and, on head A, at the conjugation between the active profile and the
transition curve with the angle ag, = 47° (key point 7). For the coordinates of these
points and the exact values of the pressure angles, see Table 7.1.

The maximum radius of the grinding wheel is assumed to be ry,;, = 60 mm, the
minimum radius of the relieved surface on the space r,;, = 66.215 mm, and the
height of the grinding profile of the hob tooth H; = 23.785 mm, for both sides of the
teeth of the manufacturing surface. The value of the turning angle of the relieving
support to provide a rear angle in the middle section of the profile ¢. = 12° for both
sides of the teeth. The angle ¢, is preliminarily considered to be equal to 18°.

The lead angles y; of the relieved surface at points 4; and A4, are shown in
Table 7.1 for each side of the tooth of the right-hand hob. On the right side of the
tooth, at which the lead angle of the relieved surface is greater than that of the
generating worm, they are yo5; = 13,598° and y(, = 6439°. On the opposite left tooth
side, correspondingly, we have yo; = —4200° and yo, = —9001°.

The negative values of the lead angles y, of the relieved surface at the points of
the arc sections of the profile indicate its transformation in these sections into an
analogue of the left helical surface, which is a characteristic for single-thread hobs
with a standard lateral rear angle of 4° or more, with the number of modules in the
pitch diameter of 12 or more.

Table 7.2 summarizes the main stages of the calculations with a mention of the
needed formulas.

For the right side, the difference between the values of the initial ¢, and the
adjusted @omax angles in the preliminary calculation is less than 1°, and, therefore, a
change in ¢ is not required. For the left side, the final calculation is carried out by
increasing the angle ¢, to 19° and recalculating f,,, which has changed very slightly
and, in practice, in both cases, is rounded to the value —0.1°.

In the studies by Lagutin and Sandler [1] and Sandler et al. [2], it was shown that
the discrepancy between the profiles of the grinding wheel surface and the hob tooth
flank to be ground will be minimal if in the vicinity of the calculated contact point,
the line of their contact will not cross the axial section of the hob but touch it.

This condition is satisfied in the case when the axis of the grinding wheel is
inclined to the axial plane at an angle S, which is determined depending on the
pressure angle a, the lead angle y;, and the radius r; of the relieved surface, taking
into account the installation angle ¢, of the wheel axis in the projection onto the
horizontal plane, by the expression:

tan 3, = tan y,; cos ap/ cos (ap + @) (7.19)
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Table 7.2 Calculation of the Estimated values

E?){)art{clztirs P and g of the Preliminary Final
Data Formula number | Right Left tooth side
®o° Entering values 18.0 18.0 19.0
a ) 134.47 134.47 135.15
X (12) 107.76 | 107.76 107.21
21 (11) 82.21 82.21 81.14
i (12) 17.17 -5.17 —5.13
X (12) 122.47 122.47 122.44
22 (11) 36.94 36.94 36.91
V2 (12) 9.47 —5.09 —5.08
/0 (13) 9.19 —0.095 —0.064
Vs (15) 34.64 34.64 34.64
Inax (14) 34.11 34.11 34.11
A (16) 2.81 2.49 2.47
7 a7 8.93 7.95 7.89
Pomax” | (18) 18.42 19.40 19.46

Table 7.3 Values of the angle f,, calculated for the different sides of the hob tooth

Point numbers 1 2 3 4 5 6 7
Xoi, MM 67.575 71.467 |75.906 |77.775 |79.25 84.083 88.095
ao 47.34 27.08 7.75 7.75 7.75 27.35 46.95

yo:° (right side) 21.207 13.598 8.576 8.373 8.219 11.679 16.439
Py° (right side) 32.22 16.96 9.42 9.198 9.029 16.641 25.441
yoi° (left side) —11.853 | —4.20 0.446 0.435 0.427 | —3.625 —9.001
Pw° (left side) —18.882 | —-5.29 0.491 0.479 0470 | —4.590 | —14.325

Table 7.3 shows the values of the angle S, calculated according to this depen-
dence for seven key points of the axial section of the right and left sides of the hob
teeth:

In Fig. 7.6 (the upper part), a graphical interpretation of the dependence
Eq. (7.19) of the angle f,, on the hob radius ry is displayed for the right side of the
teeth. Let us draw two boundary straight lines: one through the starting points 4; and
A, of the designed normals and the second horizontal line at a minimum value
Pw = 9.19° (from Table 7.3) until they mutually intersect at some point C.

The sections of the profile that fell into the sector between the boundary lines
have practically no organic error, since any straight line drawn through the intersec-
tion point C inside the sector also passes through two points of the axial profile of the
relieved surface. Outside the obtained sector, the relieved profile has a small organic
deviation from the given profile of the grinding wheel.

In the lower part of Fig. 7.6, a similar dependence of the angle f,, on the hob
radius r; is shown for the left side of the teeth. We also draw two boundary straight
lines. One of them passes through the points of the graph corresponding to the values
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Fig. 7.6 The dependence of the angles f,, from the current radius r; of the hob

of the radius at points 4; and A,. The second line runs horizontally, touching the
graph at its upper point with a value of f,, = —0.1°. The intersection of these lines
forms a sector in which there is practically no organic deviation of the relieved
profile.
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7.9 Profiling of Grinding Wheels

Significant difficulties in the manufacture of worms and worm hobs with a profile of
substantial and variable curvature are due to the fact that the wheel dressing copiers
included in the delivery of grinding machines are not suitable for reproducing such a
profile [1, 2]. Therefore, it is necessary to design a special knurling roller or create a
special ruling device. At present, with the development of computer numerical
control (CNC), ruling devices with diamond rollers and programmed control of
their movements relative to the working surface of the grinding wheel have gained a
certain distribution.

The characteristic of the surface of the grinding wheel, i.e., the line of its contact
with the surface to be ground, is oriented along the axial section of the latter.
Therefore, profiling of the wheel in its axial section with a sufficient degree of
approximation reproduces the section of the surface being ground that is normal to a
helical line with an inclination angle equal to . That is, the axial profile of the
grinding wheel for single-thread hobs practically repeats the profile of the basic rack.
In this case, the value of the angle a,, of the wheel profile in a rectilinear section is
determined from the expression:

tan ay = tan (@ min + @) cos By, (7.20)

In general, the coordinates of the axial profile of the grinding wheel, based on the
coordinates of the axial section of the relieved surface of the hob teeth, the lead
angles of this surface, and the found angle of inclination of the wheel axis, are
determined by the following expressions:

Zw =201/ (cos B, + tan yy; sin )

7.21
Xw = Xo0i + zﬁ sin 2, tan y,;/ (4xo;) ( )

7.10 Sensitivity to the Hob Regrinding

If the relieving of surfaces with a variable curvature profile is performed by the
radial-axial method, then the axial component of the relieving parameter k; = k sin
(ao;i + @c)lcosay; included in formula Eq. (7.6) is variable along the profile. In this
case, strictly speaking, the profile distortion that occurs during regrinding of the hob
teeth on the front surface is inevitable. However, the considered profile has points
with identical pressure angles a, (for example, at the conjugate points of large and
small radii on the tooth’s head and leg) and the lead angles y; of the relieved surface,
and, therefore, at these points and in the areas between them, the profile deviations
during regrinding are minimal.
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7.11 Conclusion

1. The technology of relieving of the tooth flanks of the worm hobs for cutting gears
with Novikov gearing should provide the necessary rear angles of the hob teeth
and the quality of the implementation of the basic rack of gears by the generating
worm of the hob.

2. Changing the lead angle of the relieved surface of the tooth hobs with a basic rack
for Novikov gears with two lines of action has a parabolic dependence on the
radius and pressure angle of the tooth profile, and the relieved tooth surfaces of
such hobs are organically characterized by the presence of paired profile points
with equal lead angles.

3. A technique has been developed for calculating the parameters of installation,
movement, and profile of the grinding disk wheel when grinding the tooth flanks,
which allows obtaining at least four contact points between the wheel and the
grinding surface in the axial section of the hob. Thus, the organic error of grinding
when profiling the grinding wheel is minimized, as close as possible to the basic
rack profile.

4. Tt was determined that the minimum rear angle of the hob teeth takes place near
the hob pitch cylinder and that the installation angle ¢, of the relieving support of
the grinding-relieving machine is necessary to calculate based on the minimum
value of the rear angle of 4°. The technique for calculating this angle is provided.

5. It was revealed that when grinding both the right and left sides of the teeth, it is
preferable to assign the angle ¢, of the installation of the axis of the grinding
wheel to 18° and clarify it from the condition to prevent pruning of the cutting
edges on the opposite side of the space between the teeth. The technique for
refining this angle is provided.

6. When relieving the left side of the teeth of the right-hand cutter, the directions of
the lead angles of the grinding surface and the helical surface of the cutting edges
have different signs. Accordingly, the angle f,, of inclination of the axis of the
grinding wheel to the horizon can also have a sign opposite to the lead angle y; of
the generating surface of the hob.

7. The above technique is also proposed for use in the development of control
programs for setting up a grinding-relieving machine and the dressing mechanism
of a grinding wheel in the manufacture of worm hobs on relieving machines with
numerical program control.
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Chapter 8 )
Mikhail L. Novikov: The Inventor e
of Novikov Gear System

8.1 Introduction

Novikov gearing has long since firmly entered the practice of mechanical engineer-
ing. It has proven itself well in cases in which relatively soft gears with a hardness of
the working surfaces of the teeth up to HB 350 are used to transmit rotation. The
situation is not so good with the use of Novikov gearing with hardened gears. The
existing difficulties with the use of Novikov gears with harder wheels are a conse-
quence of both an insufficiently deeply understood essence of this type of a gear and
an unacceptably poor technology for the manufacture of gears. An example of the
successful use of Novikov gear transmission in the design of a helicopter transmis-
sion from Westland Helicopters, Ltd. is shown in Fig. 8.1.

A new type of gearing, developed by Dr. M.L. Novikov, is often called
Wildhaber—Novikov gearing, or W-N gearing, which is incorrect. The author
adheres to the point of view that the name Wildhaber—Novikov gearing is incorrect.
Novikov gearing is the only correct name for this type of gearing. Below, this point
of view is substantiated on the basis of both materials published in an open domain
and materials that became known to the author from conversations with specialists
who personally knew Dr. M.L. Novikov and Dr. E. Wildhaber.

8.2 Novikov Gear System

Novikov gearing was developed by Dr. M.L. Novikov and systematically presented
in his doctoral dissertation [8]. As the author pointed out, the type of gearing
proposed by him can be used to design gears “with parallel, intersecting and crossing
axes, with external and internal gearing, with constant and variable gear
ratios, ...” [11].
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Fig. 8.1 Use of Novikov
gearing in the design of
helicopter transmission
(Westland Helicopters, Ltd.)

It is appropriate to start the discussion of Novikov gearing with a brief biograph-
ical note of the inventor, especially since his 110th anniversary will be celebrated
very soon.

8.2.1 A Brief Biographical Sketch of Dr. M.L. Novikov

About Mikhail Leontievich Novikov, Colonel-Engineer, Doctor of Technical
Sciences, Professor, Former Head of the Department at the Zhukovsky Military
Aviation Engineering Academy (MAEA), winner of the Lenin Prize (1959),
most readers know little. Therefore, a summary of the available facts from his
biography is of interest, especially for those who are beginning their path in science.

Mikhail Leontievich Novikov was born on March 25, 1915 in the city of Ivanovo
into a working-class family [9]. He began working as a locksmith apprentice at the
age of 15. In 1934, M.L. Novikov entered the first year of the MVTU — Bauman
State Technical University. After completing his second year at the MVTU, he was
enrolled as a student of the Zhukovsky Military Aviation Engineering Academy
(MAEA), after graduating from which (in 1940) he left to work at one of the leading
special departments. In a short time, M.L. Novikov worked his way up from being a
junior teacher to the head of this department.

Along with the educational and methodological work assigned by his position,
Mikhail Leontievich was engaged in scientific research and invention. More than ten
of his inventions are important for the development of aviation technology.
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Mikhail Leontievich Novikov (1915-1957)

Novikov, M.L. paid attention to the problem of increasing the bearing capacity of
gears. This research topic was of great importance, both for aircraft engine manu-
facturers and for mechanical engineering as a whole. The result of many years of
hard work in this direction was the development of a new type of gearing by
M.L. Novikov. The developed type of gearing is defended by a certificate on
invention (that is an equivalent of a patent on invention) [11].

Finally, for the development of a new type of gearing, M.L. Novikov was
awarded the Lenin Prize'.

Despite his great fame and wide popularity, Dr. M.L. Novikov remained a modest
man. Here is an example from the memoirs shared by Dr. A.S. Yakovlev, (city of
Oryol, Russia), who personally knew Dr. M.L. Novikov: “Mikhail Leontyevich was
possessed, infinitely devoted to science, and above all a modest, noble and attentive
person and an objective interlocutor, without a shadow of arrogance and ambition.
Here are some typical examples. Arriving for the first time at MAEA, I brought two
variants of the factory transmission with Novikov gearing, and one of the variants
was DLZ (which was not known from his dissertation). On the gears of both variants,
I calculated the common normals, having seen which Mikhail Leontyevich said that
there was no common normal in his gearing. I stood my ground and argued the
existence of the normal. His assistants who were present at the same time, amicably
and noisily began to prove the absence of a normal.

Mikhail Leontyevich calmly said to me, ‘Well, okay, prove it.” After a short
discussion, Mikhail Leontyevich thought about it, called the audience to silence
and said: ‘He is right, the common normal exists.” He said calmly and everyone
agreed.

1According to Ms. LM. Averina, Dr. Novikov’s daughter, in 1957, The Lenin’s Prize Council
considered and rejected Novikov’s project: 11 votes against, 10 in favor, O to reject. In 1959, when
the application of Novikov gearing was going on at many factories of the Soviet Union, the decision
was revised.
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And further. During one of our conversations, the secretary came up to him and
said that he was urgently summoned by the Lieutenant General, the head of the
Academy. Mikhail Leontyevich told me: ‘Sorry, Anatoly Sergeevich, I will try to
free myself as soon as possible’ and, addressing the assistants: ‘Roman Vasilyevich,
Viktor Alekseevich, please take Anatoly Sergeevich.” He, at that time the head of the
department, Colonel MAEA, Doctor of Technical Sciences, Professor, and I am just
a young cocky engineer! Have you met many leaders who treat their interlocutors so
many ranks lower?”

Novikov, M.L. suddenly died on August 19, 1957, at the age of only 42 years.

8.2.2 Kinematics and Geometry of Novikov Gearing

The concept and theory of a new type of gearing was presented by Dr. M.L. Novikov
in his doctoral dissertation [8] and defended by the certificate on invention (the
patent on the invention) of the USSR [11]. A monograph [9] was subsequently
published based on the materials of the dissertation (without the direct participation
of M.L. Novikov).

The title page of the first official certificate issued on the Novikov gear system is
depicted in Fig. 8.2.

The USSR author’s certificate issued for Novikov gearing [11] is illustrated by
the diagram of the contact of the convex profile of the pinion tooth with the concave
profile of the tooth of the gear (see Fig. 8.3). In the text of the description of the
invention, the following explanation is given: “The essence of the invention is as
follows.

In the space in which the axes of rotation of the gears are fixed, the line of action is set in the
form of a straight or smooth curve passing in the immediate vicinity of the instantaneous axis
of relative rotation-sliding. Along the line of action, the movement of the point of engage-
ment with a constant, or smoothly changing speed is assigned. A moving point of engage-
ment describes contact lines in spaces associated with rotating gears. A number of some
surfaces can be drawn through these lines, which can be conjugate working surfaces of the
teeth, if they have a common normal at each current position of the point of engagement and
the main theorem of engagement is satisfied if the curvatures of the surfaces satisfy a given
gear ratio and if, finally, there is there is no mutual intersection of surfaces within their
working shifts.

The proposed types of teeth working surfaces fulfil the stated conditions and provide
high contact strength of teeth.

In planes perpendicular to the instantaneous axis of relative rotation-sliding, and passing
through the current position of the point of engagement, circular arcs are drawn from the
centers located on a straight line passing through the point of engagement and the instan-
taneous axis, and in the immediate vicinity of this axis. Circular arcs can be thought of as
tooth profiles.
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Fig. 8.2 The first certificate issued on the Novikov gear system. (Courtesy of Ms. .M. Averina)

A continuous set of profiles for all current positions of the point of engagement forms
mating surfaces of the teeth, while the working surface for one of the gears will be convex,
and for the other — concave (in the direction perpendicular to the instantaneous axis). In a
particular case, the radii of the profiles of the teeth can be the same in magnitude and equal to
the distance from the point of engagement to the instantaneous axis.

When designing teeth, preference should be given to point gearing with a small differ-
ence in the values of the profile radii.

The profiles of the teeth can have a shape that differs from the circular arc, however, the
curves of the profiles of a different shape (passing through the point of engagement) must be
inside the mentioned circular profile with the center at a point located on the instantaneous
axis (they must go into the “body” of the teeth).
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/ _Boundary Novikov circle
//'

Fig. 8.3 The concept of Novikov gearing (Pat. No. 109,113, 1956 (USSR); the concept of the
boundary circle of radius, ry, was introduced (~2008) by Prof. S.P. Radzevich)

The law of motion of the contact point (namely, the speed and trajectory of its movement) is
chosen so that the friction and wear losses are insignificant. Friction and wear losses are
proportional to the relative sliding speed in the engagement, therefore, it is necessary to strive
to decrease the latter, and for this the engagement line should not be significantly remote from
the instantaneous axis. However, an excessive approach of the line of engagement to the
instantaneous axis is impractical, since it is associated with a decrease in the contact strength.

The width of the rim of the gear wheels, or the length of the teeth, should be in such a
ratio with their pitch, at which the specified overlap ratio would be ensured when the pairs of
teeth are re-engaged. The gears can be single-point mesh, that is, only one pair of teeth can
participate in the work (except for the re-pairing period), and there can be transmissions with
multi-point gearing, when several pairs of teeth are in simultaneous operation.

In the case of gears with parallel axes, it is most convenient, based on design and
technological considerations, to choose a line of engagement in the form of a straight line
parallel to the axes of the wheels, and the speed of movement of the point of engagement is
taken constant. In this case, the radii of the profiles of the teeth in all planes perpendicular to
the axes will be the same, the working surfaces of the teeth will be regular helical surfaces.

The description of the invention [11] as well as the diagram illustrating the
concept of Novikov gearing are not composed in the best possible manner. It
would be better to focus more clearly on the following fundamental differences
inherent in Novikov gearing (e.g., a gear train with parallel axes):
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(a) Through the pole of engagement P, there is a straight line making up with the
center perpendicular O;0, and the face angle of engagement «.

(b) At some distance from the pitch point P on the straight line, a point A is chosen.

(c) Through the point A, parallel to the axes O, and O, (and, therefore, perpendic-
ular to the plane of the drawing in Fig. 8.3), there is a straight line — the line of
action.”

(d) An arc of some smooth curve is drawn through the point A so that the center of
curvature of this curve at the point A is located on a straight line PA.

(e) An arc of some other smooth curve is drawn through the point A so that the
center of curvature of this curve at the point A is also located on a straight
line PA.

(f) The constructed arcs are used as profiles of the gear and pinion teeth (for this, the
curvature of the arcs must exclude the possibility of interference of the teeth both
in the differential vicinity of the point A and within the entire height of the gear
and pinion teeth).

(g) When transmitting rotation, the contact point A moves along the line of engage-
ment at a constant speed, whereas the projection of the point A in the end plane
does not change its position.

(h) The contact ratio m, in a Novikov gear pair is equal to its axial contact ratio mg,
that is, the relation m, = mp holds while the end overlap coefficient is equal to
zero (my, = 0) (since there is equality, m; = m,, + mg; in this case, the equality is
simplified to the form m, = 0).

The equality of the component m, = 0 is fundamental to Novikov gearing. If we
assume that m, # 0, then this completely kills the concept of the gearing developed
by M.L. Novikov.

Shown in Fig. 8.4 (see Fig. 62 on page 146 in Novikov [9]) is a more complete
(in comparison with Fig. 8.3) idea of the concept of a new type of gearing proposed
by Dr. M.L. Novikov.

%It was later shown by the author of this chapter [14] that this is not a line of action, as indicated in
the description of the invention, but a pseudo-line of action instead. The actual line of action is
located in the plane of the drawing in Fig. 8.3 and has zero length.
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duz. 62

Fig. 8.4 Illustration. (Fig. 62 on page 146 in Novikov [9]) explaining the concept of Novikov
gearing

8.3 Wildhaber Gearing

Ernst Wildhaber worked on the problem of increasing the bearing capacity of gears.
He drew attention to the fact that in the well-known and widely used involute gears,
the contacting teeth of the wheels have convex profiles. This contact results in high
contact stresses, which limits the power density delivered by the gear train. It was
natural to strive to replace the contact of two convex profiles with a contact of
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profiles, one of which is convex and the other is concave. Ultimately, this led
E. Wildhaber to the invention of a new type of gear with a circular tooth profile.®

In total, 279 patents for inventions related to the design and manufacture of gear
wheels were issued in the name of E. Wildhaber (the total number of patents issued
in the name of E. Wildhaber exceeds 320). The design of the hypoid gear proposed
by him, as well as the method of cutting spur bevel gears, are known to almost all
engineers and researchers working in the field of gear drives.

Wildhaber, E. is also the author of a series of interesting theoretical works®
published in 194546 in the American Machinist journal.

8.3.1 A Brief Biographical Sketch of Dr. E. Wildhaber

The information available to the author about Dr. Ernest Wildhaber is extremely
scanty. It is known that he was born in 1893 in Switzerland. In 1919, he graduated
from the Higher Technical School of the University of Zurich (Technische
Hochschule of Zurich University). In 1924, he joined The Gleason Works (Roches-
ter, NY). Many (including the author of this chapter) consider E. Wildhaber to be
one of the most prolific specialists who has ever worked in the field of gear design
and manufacture of gear wheels.

3The author of this chapter has strictly proved that the gear transmission proposed by E. Wildhaber
is inoperative in principle. It may be that the inventor himself understood this. An indirect
confirmation of this point of view is the following.

Suppose that E. Wildhaber, who understood the importance of his invention, succeeded (as he
claims in Chironis [1]) to make a workable gear train, made up of wheels with a circular tooth
profile. As a talented and advanced engineer, why did he not bring the invention to practical use?
Did he not have the opportunity for this? No, he had them, which is convincingly confirmed by the
successful implementation of his other less promising inventions. The author of this chapter adheres
to the point of view that the only gear pair, which was made by E. Wildhaber, turned out to be
inoperative, which cooled the excitement of the inventor. Otherwise, where was he all this time
(from 1926 to the late 1950s and early 1960s)? Why he did not raise the question of his importance
in the development of a new type of gearing for almost 30 years?

4 At around 1945-46, E. Wildhaber’s theoretical articles were written and published in the Amer-
ican Machinist journal, coming out with an interval of about 1 month.

Here, it will not be superfluous to also pay attention to the following interesting fact. In the
USSR, great interest was shown in the theoretical works of E. Wildhaber. His articles (1945-46)
were translated from English into Russian, after which they were published as a separate book:
Wildhaber, E., Fundamentals of Meshing of Bevel and Hypoid Gears, Translated from English and
the comments of Eng. A.V. Slepak. — M.: Mashgiz, 1948, 176 pages. Such a book has never been
published in English.
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Ernest Wildhaber (1893-1979)

8.3.2 Kinematics and Geometry of Wildhaber Gearing

A gear set with parallel axes, for which E. Wildhaber was issued a US patent [10]
(see Fig. 8.5), is made up of wheels with a circular tooth profile. In this chapter, there
is no need to consider all the details of E. Wildhaber’s gear transmission. Let us only
dwell on those features of this gear set that are related to Novikov gearing.

At the very end of the first page of the description of the invention, E. Wildhaber
states that: “In gearing according to my invention, the contact point between two
normal profiles passes over the whole active profile during a turning angle, which
corresponds to less than one half the normal pitch, and usually to much less than
that ...” The meaning of this statement by E. Wildhaber is that in the process
of engagement, the contact point runs through the entire height of the active profile
of the teeth. This is confirmed by the analysis of Fig. 8.5, which shows that the
contact point moves from position 11 to position 11 during engagement. This
feature of E. Wildhaber’s gear transmission is repeated many times in the description
of the invention [10] and is especially reflected in the claims. Thus, it should be
concluded that the transverse contact ratio my, in E. Wildhaber’s gear transmission is
greater than zero (m,, > 0) and not m, = 0 as in Novikov gearing. This difference is
fundamental by nature.

8.4 Fundamental Differences Between Novikov Gearing
and Wildhaber Gearing

The discussion of this issue should begin with the fact that at first no information
about Novikov gearing was published. For a long time, information about this
engagement could only be obtained from the source [8]. Serious shortcomings in
the preparation of the description of the invention [8] led to a complete
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Fig. 8.5 Illustrations from Pat. No. 1.601.750 (USA) [10] explaining the concept of Wildhaber
gearing

misunderstanding of the essence of Novikov gearing in the West. In the overwhelm-
ing majority of cases, the emphasis, unfortunately, is erroneously placed on the fact
that the tooth profiles are circular (and this is not fundamental) while the fundamen-
tal differences (m, = 0 and m; = mg > 1) have faded into the background. This
ultimately served as a disservice to the importance of Novikov gearing. In this
regard, a single but illustrative example is sufficient. In their study [3], Dyson
et al. analyze both Novikov gearing and Wildhaber gearing in sufficient detail. In
this case, the authors [3] refer to USSR Pat. No. 109750,5 which has nothing to do
with Novikov’s invention (a highly common mistake in the Western literature

SPat. No. 109750, (USSR), Water spray./P.F. Pisulin, Declared January 2, 1957, CI. 36d 1, 28b,
801.
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relating to Novikov gearing). This unambiguously indicates that for a long time,
neither Dyson, A. et al. nor the majority of specialists in the West were familiar with
the original works of M.L. Novikov; these works were not available and they were
forced to use secondary sources of information, the correctness of which, as it turned
out, was questionable.

Repeated attempts to understand how different Novikov gearing and Wildhaber
gearing are from one another are available in the literature. Chironis [1] came close
to understanding this issue. However, he did not reveal the fundamental difference
between one program and another.’

Here, it is appropriate to return to the above-mentioned characteristic features of
Novikov gearing.

Since the point of contact travels along the profile of the teeth of the gear and
pinion, the transverse contact ratio m, in E. Wildhaber’s gear transmission is
necessarily different from zero (m, > 0). From what has been said, the conclusion
unambiguously follows that the existence of a gear train in which the transverse
contact ratio my, (as in Novikov gearing) is necessarily equal to zero (m, = 0) and at
the same time (as in Wildhaber gearing) is not equal to zero (m, > 0) is physically
impossible. Therefore, the combination of M.L. Novikov’s invention with
E. Wildhaber’s invention is absurd from the outset — it is impossible to combine
the non-unified (there cannot be a gear pair that fulfills the conditions m, = 0 (like in
Novikov gearing) and m, > 0 (like in Wildhaber gearing) at the same time). It
follows that the terms “Wildhaber—Novikov gearing” and “W-N gearing” are incor-
rect, and, moreover, they are absurd.

The difference between Novikov gearing and Wildhaber gearing has been well-
traced from the standpoint of recent advances in the theory of gearing [13]: Novikov
gearing fulfills all three fundamental laws of the theory of gearing, whereas
Wildhaber gearing does not meet these laws, which is well-illustrated in Fig. 8.6.

In Novikov gearing, the unit normal vector n, is always pointed along the
instantaneous line of action (in other words, along the instantaneous line of engage-
ment) LA, as shown in Fig. 8.6a. In this case, the profile of the tooth of the wheel
G is correctly located in relation to the “boundary N— circle” of radius ry (in other
words, to the “Novikov boundary circle” of radius ry).

In contrast to Novikov gearing, in Wildhaber gearing, the direction of the unit
normal vector n, does not coincide with the direction of the instantaneous line of
action LA, as shown in Fig. 8.6b. In this case, the profile of the tooth of the wheel
@G is incorrectly positioned in relation to the “boundary N— circle” of radius ry.

SAn interesting fact, on page 135 in the study by Chironis [1], the following reaction of
E. Wildhaber to a discussion of the similarities and differences between Wildhaber gearing and
Novikov gearing is cited: “According to Ernest Wildhaber, who received the U.S. patent in 1926 on
a circular tooth form, ‘All the characteristics of the Novikov gearing are completely anticipated by
my patent. My gearing never had a real test here, although a pair of gears was made in the 1920s. It
would be wrong to dismiss the Russian development as old and known. My gear was never really
put to the test here, although a pair of gears were made in the 1920s. It would be wrong to reject
Russian developments as old and well-known””’].
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(b)

Fig. 8.6 Correct G (a) and incorrect G* (b) configurations of the circular-arc tooth profile of a gear
in Novikov gearing (the common perpendicular n, is aligned with the instantaneous line of action
LAj,s) and in Wildhaber gearing (the common perpendicular n, does not align with the instanta-
neous line of action LA;,)
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8.5 Probable Reasons for the Appearance of the Wrong
Term “Wildhaber-Novikov Gearing”

Revealing the reasons that led to the fact that Novikov gearing in the West is called
Wildhaber—Novikov gearing, or W-N gearing, may be useful for establishing the
importance of M.L. Novikov in the new type of gearing developed by him.

A new type of gearing was developed by M.L. Novikov when he served at the
Zhukovsky Military Aviation Engineering Academy (MAEA). Zhukovsky MAEA
is a regime institution. It is clear that a thesis, completed in a secure institution, could
not be accessible to a wide range of specialists in the USSR. The atmosphere of
secrecy around this invention was intensified in connection with the consideration of
the issue of possible patenting of M.L. Novikov abroad.

For a wide range of specialists outside the USSR, the published works of
M.L. Novikov including his:

(a) Dissertation [8]
(b) Descriptions of the invention in the certificate [11]
(c) Monograph [9]

were practically inaccessible. Scientific contacts between specialists from the USSR
and the West were extremely limited. Western experts did not have the opportunity
to obtain reliable first-hand information about Novikov gearing. Therefore, in the
West, transmissions with Novikov gearing were reproduced based on fragmentary
and incomplete information. In the overwhelming majority of cases, the emphasis,
unfortunately, was placed on the fact that the tooth profiles are circular (and this is
not fundamental) while the fundamental differences (im, = 0 and m, = mg > 1) have
faded into the background.

An incomplete/incorrect understanding of the kinematics and geometry of
Novikov gearing led to an incorrect comparison of this type of gearing with
Wildhaber gearing (such a comparison is incorrect). An incorrect conclusion
drawn from such a comparison was “the first reason” that the incorrect term “W-N
gearing” came into use in the West. Thus, the excessive “secrecy” regime around
Novikov gearing played a cruel joke on this indisputable achievement of
M.L. Novikov.

The importance of M.L. Novikov was widely promoted in the USSR. So, on
November 13—16, 1957, the Institute of Mechanical Engineering of the Academy of
Sciences of the USSR together with the Zhukovsky Military Aviation Engineering
Academy (MAEA) held the All-Union Scientific and Technical Conference “Expe-
rience of introducing gear drives with Novikov gearing into the industry.” To
commemorate the great contribution of M.L. Novikov to the development of a
new type of gearing, the conference decided to assign the name of their author to
the new gears and henceforth refer to them as the Novikov gear system or abbrevi-
ated as Novikov gearing [9]. All the specialists, who were even to the slightest
degree connected with gears, knew about it. At the same time, the position of
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Fig. 8.7 Fragment from Memoirs by Prof. Ya.S. Davydov [2]

scientists and specialists, both in the USSR and in modern Russia in relation to
Novikov gearing in many cases was and remains far from what it should have been.
Let us give a fairly illustrative example.

A skeptical (if not deeply dismissive) attitude toward Novikov gearing is given in
Memoirs [2]. The author of Memoirs explains his position on this issue with the
following remark: “... In one of his conversations with me, F.L. Litvin very correctly
compared Novikov’s work with a stone thrown into a swamp and caused a wave of
water” (see Fig. 8.7). If the scientific achievement of Dr. M.L. Novikov is compared
with a “stone,” then should not it also be clarified what is the “swamp”? The author
of the Memoirs is silent about this.

Another example, on page 46 in the journal Reducers and Gear Drives
(No. 5, 7/2006) published a letter from Prof. F.L. Litvin, in which, in particular, an
extremely simplified interpretation of the essence of Novikov gearing is given: “The
meaning of Novikov’s idea is that he proposed cylindrical gears with point gearing,
that is, with a localized working contact of surfaces ...” and further: “I do not agree
that Novikov turned the theory of links upside down.” As Dr. M.L. Novikov has
stressed in Pat. No. 109,113 [11], gears with a new type of engagement can be made
“with parallel, intersecting and crossing axes, with external and internal engage-
ment, with constant and variable gear ratios, ...” Does this mean that Prof.
F.L. Litvin is not familiar with the works of Novikov [8, 9] and Pat. No. 109,113
[11]?

For what purpose did F.L. Litvin distort the essence of M.L. Novikov and limit
his scientific result to only cylindrical gears? Either F.L. Litvin did not understand
the idea of Novikov gearing or he deliberately distorted the concept of Novikov
gearing — there is simply no other way. This is something to seriously think
about here.

There is no reason to doubt that adhering to this position, neither the author of
Memoirs nor Prof. F.L. Litvin will defend the importance of Novikov gearing.
Therefore, it is not surprising that in the well-known books of F.L. Litvin (1960,
1968) [5], Novikov gearing is correctly called “Novikov gearing,” but, in the books
published later (1994, 2004) [6, 7] this same gearing is called “Wildhaber—Novikov
gearing.” Litvin, F.L. did not consider it necessary to take advantage of the oppor-
tunity and enlighten Western specialists, convincingly showing them the fundamen-
tal difference between Novikov gearing and Wildhaber gearing. Was it a lack of
professionalism or were there other reasons?

There are many examples of the undeservedly dismissive attitude on the part of
some of the specialists toward the work developed by Dr. M.L. Novikov for a new
type of gearing.
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Therefore, the inadequate position of scientists and specialists, both in the USSR
and in present-day Russia in asserting the importance of M.L. Novikov’s develop-
ment of a new type of gearing should be considered as “the second reason” that the
incorrect term “W-N gearing” has come into use in the West.

The author of this chapter ok was in a full sense discouraged to learn that even
now, not all researchers of Novikov gearing are familiar with the invention of
E. Wildhaber. This ignorance is found even among specialists who have devoted
decades of their work to the study of Novikov gearing. In other words, along with the
lack of awareness of foreign researchers about Novikov gearing, the symmetrical
lack of awareness of Soviet/Russian specialists with the invention of E. Wildhaber is
widespread [10]. Therefore, insufficient awareness of E. Wildhaber’s invention is
“the third reason” for the ambiguities encountered in the interpretation of
M.L. Novikov’s invention.

This list of reasons could be continued.

The author of this chapter adheres to the position that the invention of Novikov
gearing is comparable, in its importance, to the involute gearing invented by
L. Euler. Euler, L. solved the problem for the case of a spur gear (mg = 0), when
the transverse contact ratio m,, in the gear set is greater than one, i.e., m, > 1 (this
technical solution was later developed into the field of helical gears). Novikov,
M.L. solved a similar problem for the case when the transverse contact ratio m, in
the helical gear is zero, i.e., m, = 0, and the condition of meshing of the teeth is
fulfilled due to the axial overlap of the teeth, the face contact ratio of which is greater
than one (mg > 1). Here, I will allow myself a pun: “Let us reward Euler with what is
attained by Euler, Novikov — with what is attained by Novikov, and Wildhaber —
with what is attained by Wildhaber.”

8.6 Future Developments in the Realm
of Conformal/Novikov Gearing

The potential of the Novikov gear system is far from being exhausted. This system of
gearing has a large reserve to increase the power density transmitted by the gear
transmission system.

Novikov gearing is an example of the so-called conformal gearing. Conformal
gears include those with a small difference in the radii of curvature of the profiles of
the teeth at the point of contact: the smaller this difference, the higher is the degree of
conformity of the functional surfaces of the gear teeth. So, the degree of conformity
of the profiles of the teeth of the internal involute gear transmission is higher (with
other conditions being the same) than the transmission with external gearing. Those
interested can refer to the studies by Radzevich [12] and [14], in which the questions
of conformity of the contacting surfaces are considered in detail.

An increase in the degree of conformity of the functional surfaces of the teeth of
the gears makes it possible to increase the power density of the gear transmission
system.
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Developed by Dr. M.L. Novikov, this gear system allows designing gears, for
which the convex surfaces of the pinion teeth contact the concave surfaces of the
gear teeth. The difference between the radii of curvature of the interacting profiles is
assigned in order to “absorb” the manufacturing errors, mounting errors, and elastic
deformations of the entire gear transmission system (taking into account the elastic
deformations of the body, shafts, gear fields, etc.) under load. In this setting, the
solution to the problem of increasing the power density transmitted by the gear
transmission system should be considered as necessary but not sufficient.

While studying the materials on Novikov gearing published over the past
~50 years, it was impossible not to pay attention to the unacceptably simplified
idea of the importance of the geometry of contact of the surfaces of the teeth and its
effect on the output parameters of the gear transmission system. A serious, if not the
most important, omission in the study of Novikov gearing was ignoring the contact
geometry of the side surfaces of the teeth of the wheel and gear. The transition from
the contact of the convex surfaces of the teeth of the wheels to the contact of the
convex and concave surfaces in itself is only a necessary, but not sufficient,
condition for increasing the bearing capacity of the functional surfaces of the teeth
of the wheels. At the same time, it is important to ensure a certain minimum required
degree of conformity (the threshold) of the contacting surfaces of the teeth, starting
from which the effect of increasing the bearing capacity begins to manifest itself (see
Fig. 8.8). For “soft” wheels, this disadvantage was leveled out by the quick running-
in of the teeth and their self-adaptation to the operating conditions. For highly hard
wheels, running-in does not save the day. The hardened wheels must initially
(a) have the required shape and (b) the correct positioning under load. In the

Conformal gearing High-conformal gearing

UL Ry

Bearing capacity of the tooth flanks

[dcrgf]

Fig. 8.8 Impact of the degree of conformity ., at the current point of contact of the gear tooth
flank G and of the pinion tooth flank 2 on the bearing capacity of the tooth flanks
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literature, there is no answer to the question of what the “required form” is. The
answer to this question can be obtained on the basis of the results presented in the
studies by Radzevich [12, 14], etc.

Back in 2006, the author of this chapter shared with the lead gear experts of
Russia my own considerations and some research results on this issue. It was about
the conceptual essence of Novikov gearing, more precisely — Novikov gearing using
high hardness (for example, carbonized and ground) wheels, that is, when the
running-in of wheels is practically impossible: “The main reason for failures with
this type of transmission is a lack of understanding of what is happening in the very
local contact area of the surfaces of the teeth of the wheels. For me, it is strange why
they immediately began to develop the profiles of the basic rack, without under-
standing thoroughly the physics of what is happening in the contact zone of the
surfaces of the teeth. Contact is extremely essential!

The required tooth profiles of the gears are a consequence of the required local
geometry of the contacting surfaces, but not vice versa. The geometry of the contact
of the surfaces of the teeth of the wheels is the key to solving fundamental issues
related to the operability of gears.” Furthermore, the following conceptual tasks can
be solved analytically:

(a) “For the given transmission conditions, tolerances can be calculated so that a
functional transmission can be guaranteed

(b) According to the accuracy of the existing gear-cutting machine and tool, it is
possible to answer the question whether it is possible on this machine and with a
given tool to machine the wheels for a guaranteed working transmission

(c) With known rigidity . . ., that is, of all that determines the resulting displacement
of one wheel in relation to another wheel under load, to answer the question
whether it is possible to apply Novikov gearing in principle under these
conditions.”

It should be noted that not all of what was produced by the industry under the
name Novikov gearing was (and still is) such. Under the flag of Novikov gearing,
something was often produced that vaguely resembled Novikov gearing but, upon
closer examination, was not. In other words, much of what they unsuccessfully tried
to introduce into the industry, in fact, had (and has) a remote relation to Novikov
gearing. All the gear wheels for Novikov gearing, finish cut in the generating method
of gear cutting (namely, cut with hob cutters, shapers, etc.), are not Novikov gear
wheels (wheels for Novikov gears cannot be finish cut under generating machining
conditions). From this, we can draw a conclusion about the reported successes and
failures of the industrial use of gears by Novikov gearing.

Of course, what was done by Dr. M.L. Novikov deserves to be investigated in
detail. Based on the results of such research, a monograph can be written. The author
of this chapter had extremely limited material at his disposal about Dr. M.L. Novikov
and Dr. E. Wildhaber.
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8.7 Concise Information About the Private Life
of M.L. Novikov

The author of this chapter had an opportunity to communicate with Ms. Irina
M. Averina, the daughter of Dr. M.L. Novikov. It is worthy to begin this portion
of this chapter with an excerpt from one of the numerous letters the Ms. .M. Averina
sent to me: “I — your son — will try to continue your path to the level of advanced
people of human society, to the level of the creators of new technology, to the level
of an engineer, not an engineer, “hat”, which unfortunately is now, but a real
engineer — designer — creator .. ..” (Private communication on March 9, 2020).

Ms. .M. Averina kindly shared with the author some pictures, those taken of
Dr. M.L. Novikov, his family, and his friends. Unfortunately, not many of such
pictures are available to the author at this time.

1948 tea party with Alekseyev family. (Courtesy of Ms. L.M. Averina)

A 1948 tea party with the Alekseyev family is the oldest available picture of
M.L. Novikov. Here, M.L. Novikov is shown third from the left. His wife,
Ms. Galina S. Novikova, is sitting next to M.L. Novikov.

In 1969, a memorial plaque was opened in the apartment building where
M.L. Novikov used to live for several years. In the center, Ms. Galina
S. Novikova is pictured.
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1969 Memorial plaque. (Courtesy of Ms. I.M. Averina)

8

1960 Fediakin, Chesnokov, and Shtoda. (Courtesy of Ms. L.M. Averina)
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In the next picture, Novikov’s friends, R.V. Fedyakin, V.A. Chesnokov (both at
rear), and Shtoda, A.V. (in front), are pictured. “Andrey Vladimirovich Shtoda
served with my father. After the death of my father, he became the head of the
department, previously headed by my father. Shtoda, V.A. did a lot to create a
special laboratory for Novikov gearing at the Academy, in which R.V. Fedyakin and
V.A. Chesnokov worked actively. I note that R.V. Fedyakin and V.A. Chesnokov
are talented engineers, extremely devoted to my father, his work and our family.”

Much work on the preservation and popularization of the heritage of
M.L. Novikov is being held by his daughter, Averina Irina Mikhailovna.

2018 — Averina, .M. — Novikov’s daughter. (After T. Gogoleva, [4])

She was 5 years old when her father died and does not have many memories of
him. Much more information has been preserved in the funds of various archives and
museums of the country. The museum of the Air Force Academy also contains many
documents, one way or another, related to the activities of Dr. M.L. Novikov.
Recently, Irina Mikhailovna has visited there, and, for several days, she carefully
studied the certificates, extracts, reports, etc. — everything that could add information
about the great scientist, whose work and life, by the way, was classified “top secret”
for a very long time.

Ms. .M. Averina says that: “Two years ago I wrote a Book about my father,
which included some letters from my father, his father, relatives and workmates.
Separate documents, family and official photos, memoirs, my comments were given.
But since the Book contained many personal, family stories, this Book was
published by me in a small edition and donated to the relatives and children,
grandchildren (already adults) of my father’s comrades.”

The author of this chapter had made an offer to Ms. LM. Averina to join this
project and share her memories about her dad M.L. Novikov. The response is
immediately below: “I have already received offers from historians, writers, script-
writers of the Russian Federation to provide information about my father, but I
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always refused. And now I cannot make a decision to tell strangers from my father”
(private communication on March 13, 2020). A few days earlier: “My father’s life
story is very complex. Many facts in open sources are not true. So far, I cannot make
a decision to publicly describe my father’s life. I was very young when we were left
alone. But the memory of keeping the joyful days when dad was with us” (private
communication on March 9, 2020).

I would like to end this portion of this chapter with the following excerpt from
Ms. M. Averina‘s letter:

“Dear Stepan Pavlovich, good morning!

Thank you for your work on the further development and application of the
theory of spatial gearing with point contact, set out in the doctoral dissertation “Basic
questions of the geometric theory of point gearing intended for high-power gear
wheels” by my father, Mikhail Novikov, and defended in December 1955. Father
started working since 1950.

After the tragic death of my father in 1957, the employees of the Zhukovskii
Military Aviation Engineering Academy (MAEA), where my father studied and
worked, moved ALL scientific documents (manuscripts, drawings, business papers
and notes, service letters) that were in our home to the Archives of this Academy.

I am sending you a film made in 1961 about the works of my father — I legally
bought this film from the Archive of Documentary Films of the Ministry of Culture
of the Russian Federation. The authors of this film were probably the well-known to
you V.R. Fedyakin, V.A. Chesnokov, and A.V. Shtoda. When creating the film, the
manuscripts of my father were used, which were at that time in the Academy — these
documents can be used, since they are officially featured in the film.”

8.8 Conclusion

A brief biography about M.I. Novikov and E. Wildhaber is provided.

The features of Novikov gearing are briefly considered in comparison with the
cylindrical gearing proposed by E. Wildhaber. The fundamental difference between
these two types of gears is shown. The latest advances in gear theory are used for this
comparison. The possible reasons for the appearance of the incorrect term
“Wildhaber—Novikov gears” are analyzed. It has been convincingly shown that
Dr. M.L. Novikov is the only author of a new type of gearing and that the name
Novikov gearing is the only correct name for the invented gearing. The possible
ways of development of Novikov gearing are shown.
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Chapter 9 )
Poor Understanding of the Scientific Theory e
of Gearing by the Majority of Gear

Scientists and Engineers

In this monograph, the modern scientific theory of gearing is disclosed to the best
possible extent [1]. This is a new theory in the realm of gear science and arts. Despite
the fact that the origin of the scientific theory of gearing can be traced back to the
fundamental research carried out by Leonhard Euler in the eighteenth century, rapid
growth of this theory began only in the early twenty-first century. Through the first
two decades of the twenty-first century, most (but not all) of the key problems in the
proposed theory of gearing have been solved. It is the right time now to study what
has already been achieved in this area of mechanical engineering and to implement
these results in every-day gear practice. Unfortunately, the latest achievements in the
scientific theory of gearing are ignored by the majority of gear scientists and gear
engineers. It is likely that a poor understanding of the scientific theory of gearing by
the majority of gear scientists, engineers, and practitioners is the root cause of this.

It takes time for the considerable number of gear experts to get familiar with the
theory, to study it, and begin to use it in every-day practice. Evidently, this cannot be
done instantly.

To properly evaluate the advantages and benefits of the usage of the proposed
scientific theory of gearing, an in-depth knowledge of the theory along with a
reasonably extensive experience of its implementation in practice are necessary.
Otherwise, it is impossible to evaluate the theory properly and to draw benefits from
it. Moreover, a toxic environment can be formed in the gear community due to the
poor knowledge about the proposed scientific theory of gearing.

Nowadays, some well-known gear experts, who pose as gear theoreticians,
commit huge mistakes when trying to evaluate the gear theory, as they are not
qualified to conduct such an evaluation.
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Fig. 9.1 Facsimile of the article: Stadtfeld [2]

As an illustrative example, let us consider a recently published article [2] in the
Gear Solutions magazine. The author of this article made a weak attempt to review
some key accomplishments in the scientific theory of gearing, thus demonstrating
the absence of an understanding of the cornerstone ideas of gear science (see
Fig. 9.1).
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Fig. 9.1 (continued)

Gear scientists, gear engineers, and gear
manufacturers have worked successfully for many
decades on finding the optimal flank forms and the
optimal non-conjugate flank surface interaction.

By Dr. HERMANN J. STADTFELD

n 1924, Ernest Wildhaber, a well-known gear
scientist, invented hypoid gearing. Compared to
spiral bevel gears, hypoid gears provide an offset
that allows lowering of the body of rear wheel
drive vehicles by 50mm or more. This is possible

P over app 100 years, However,
reading the article carefully quickly reveals some key

isp ptions and false ptions. This write-up
is meant to be a resp: on behalf of established
gear theory and manufacturing.

because the propeller shaft between
‘mission and the driving axle is not positioned at the
center of the drive axle but is lowered by the offset

In the certain and
‘mathematical relationships of the published article
aredisc d and countering d

amount (Figure 1), This allows the vehicle
to lower the floor of the vehicle and subsequently
the entire body by the same amount. Lowering the
center of gravity of a passenger car by
s0mm reduces the inertia responsible
for sideways rolling by more than 10
percent, which provides better vehicle
handling and more active safety. The
lower body also reduces the CV coef-
ficient for air resistance, providing
higher gas mileage. Less than five years
after the invention of hypoid gearing,
all large automotive manufacturers
around the world had converted their
passenger cars and trucks to hypoid
drive axles with a lower vehicle body.

Ernest Wildhaber emigrated from
Switzerland to the US. in 1919 and
was hired by The Gleason Works as a
gear theoretician, Wildhaber received
279 patents, many of which changed
the world of gearing. The cylindrical gear tooth pro-
file that is today called Wildhaber-Novikov gearing
was invented by Ernest Wildhaber in 1926, Mikhail
Novikov, a Russian scientist with no access to western
publications, invented the same tooth profile inde-
pendent from Wildhaber in 1956. The contributions
of both scientists are honored today by calling this
system Wildhaber-Novikov gears.

Ernest Wildhaber is the father of modern gear the-
ory. His pioneering contributions have been invalu-
able for the development of today's gear calculation
and manufacturing processes.

NEWS ABOUT HYPOID GEARS?

A recently published article by 5.P. Radzevich [1]
attempts to explain that hypeid gearsets designed
and manufactured today lack good performance and
are not perfect but approximate. The article seem-
ingly questions the credibility of many scientists and
gear engineers who worked on the theory and its

and explained, Also, some ptions about manu-
facturing and application procedures are discussed
and compared to established practices today. The top-

Hypoid Offset

» favorable design freadom

= results in tooth length sliding

« increases the pinion dameter

= delvers good hydrodynamic propedies
» hars good damping properties

» delivers increased face contact ratio

= results in higher pinson strength

. n with
comect lubncation

Figure 1: Features of pinion offset.

ics of this paper are structured accordingly in:
¥ The three fundamental laws of gearing.
¥ Perfect conjugacy.
¥ Real world applications,
b Transmission design.
¥ Heat treatment, lapping and grinding.

THE THREE FUNDAMENTAL LAWS
OF GEARING

The first fundamental law of gearing quoted in [1]
ng * Vy=0alsoimplies [Ny xRy| =i * [N;x Ry, where
iis the constant transmission ratio. The three cases
in Figure 2 visualize the problem of non-constant
ratio and are noncompliant with the first gearing
law because of a ratio change from case to case, This
problem led Leonard Euler to discover the involute
tooth profile. A simplistic mathematical approach
teaches that the effective radius vector R remains
unchanged while the contacting point between two
mating flanks moves from Ry to Ry, as shown to the

] 43
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right in Figure 3 (movement along the line of action).

The line of action in parallel axes cylindrical gearing is a straight
line, connecting the two base circles. If the surface normal vectors
N1 and N2 are within the line of action, then the vector product
|N; x R;| remains constant during a complete mesh cycle. The con-
sequent application of this principle leads to the construction of
an involute, as shown to the right in Figure 3.

The line that forms the tooth surface elements while traveling
from position “a” to *{" along the line of engagement (line of action)
is always perpendicular to the line of action. This principle implies
that a tool, simply with straight cutting edges as shown in Figure
4, can be used to form the complex involute profile. Figure 4 also
demonstrates the principle of profile shift while maintaining the
first fundamental law of gearing.

The second fundamental law of gearing, which was proposed in
2017, Py X Vi, + ng = 0 [1], is a redundant relationship to the first
gearing law and it is limited to cylindrical gears with parallel axes
and straight bevel gears without hypoid offset. In this case, it adds
nothing to the first gearing law; conjugacy is already given by the
relationships required in the first gearing law.

The third fundamental gearing law is quoted in [1] in two dif-
ferent notations, The first notation covers only the special case of
ratio = 1:

Pog ™ Pup ™ Poop

However, the first notation is incorrect for all cases with dif
ferent base pitch diameters because the circular pitch and not the
angular pitch has to be equal between pinion, gear, and the operat-
ing base pitch. The second notation:

Phyg = Pup = Poop

is consistent with the requirement of equal circular pitch, but
the article makes no mention of the different notations.

PERFECT CONJUGACY IN STRAIGHT BEVEL GEARSETS
Bevel gears with intersecting axes is the topic of a series of three
papers published between October 2014 and January 2015 [2]. A
straight bevel gearset with skew teeth was modeled, and a sample
was manufactured. This publication addressed two points: the
design of a gearset with low tooth count and the solution for per-
feet conjugacy. There is no mention in the article that the Coniflex”
straight bevel gear system has been used since the 1940s for low
tooth count gearsets such as differential gears.

Straight bevel gears such as Gleason Coniflex have tapered depth
teeth, where the pitch cones roll on each other and the pitch apexes
of pinion and gear match the crossing point of the axes. In the
standard case, the face and root cone apexes match the crossing
point. In such a standard Coniflex design, the base elements are
also cones with cone apexes that match the crossing point of the
axes, The involute development in Figure 3 can be applied to an infi-
nite number of normal sections along the face width of a straight
bevel gear which allows an involute development similar to that
for cylindrical gears. The conical base elements of both members
can be connected with a straight line (the line of action) in each
section along the face width, whereas the plurality of all lines of
action forms a plane (the plane of action).

This principle is shown in Figure 5, The two cones in Figure 5
are base cones of a straight bevel or a spiral bevel gearset. In the
right two graphics, the view is directed such that the plane of action
appears as a line that is tangential to the two cone-enveloping sur-
faces. The left side graphic in Figure 5 shows the plane of action
three-dimensionally and how it connects the two base elements.

The plane of action cannot be extended beyond its tangential
contacting line with the base element as shown incorrectly in
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Figure 3: Line of action between base circles (left) and subsequent involute
development.
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Figure 5: Conical base elements and plane of engagement.

Figure 1 in [2] and Figure 6 in [1]. The plane of action only exists
where tooth engagement is possible and it is different than the
generating gear plane (more specifically explained later).

There is, however, one difference from the true involute of cylin-
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Figure 7: Solid model computer graphic of a perfectly conjugate straight bevel
gearset.

Figure 8: Tooth contact analysis of the perfectly conjugate straight bevel gearset.

drical gears. The rotation of pinion and gear does not occur in the
normal plane but in the transverse plane. Because of this difference,
the flank profile of straight bevel gears (and all other bevel gear
types) is called Octoide, The Octoide is the analog function of an

Fig. 9.1 (continued)
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involute, and it provides to bevel gears the same advantages as an
involute provides to cylindrical gears. Those advantages are con-
stant ratio, center distance insensitivity, and case of manufacturing.

Like cylindrical gears, bevel gears also have a trapezoidal gener-
ating profile. The straight rack of cylindrical gears becomes a ring,
as shown in Figure 6. It is required to establish certain conditions
in order to make the ring rack the generating gear for a pinion
and a ring gear that will mesh perfectly together with zero trans-
mission error and line contact identical to cylindrical gears. Those
conditions are postulated in the kinematic coupling requirements;

¥ The flank surfaces of the generating gears of the two mating
bevel gears are congruent {(same shape but mirror images, as given
in the example of Figure 6).

¥ The generating gears of the two mating bevel gears require iden-
tical axes of rotation (Top and bottom side of the generating gear in
Figure 6 form the same generating gear, which rotates in both cases
around the same axis and therefore satisfies condition 2).

» The surface of engagement of pinion and ring gear must be
identical to the surface of engagement between pinion and gener-
ating gear and also to the one between ring gear and generating
gear (without detailed knowledge of the surfaces of engagement,
the global condition in Figure 6 seems to satisfy this requirement).

The generating gear principle has to be understood as the ulti-
mate vehicle to form the teeth of two mating gears. The first fun-
damental law of gearing is fully executed by choosing trapezoidal
profiles and by applying the kinematic coupling requirements.
Gears are designed and manufactured in order to mesh with each
other. What better way to manufacture them by way of a generat-
ing gear? The g ing gear is rep d by the manufacturing
machine; it forms the teeth of the gear (at the bottom in Figure 6)
while meshing with this gear perfectly. If the pinion is manufac-
tured with the same generating gear but on the opposite side (at the
top in Figure 6) and if the generating gear is imagined infinitely
thin, then the result is a pinion that perfectly meshes with the gear
having zero motion error, It is also given, in such a case, that line
contact between the pinion and gear flank surfaces exists along the
entire face width. The extraordinary effort shown in [2] to calculate
straight bevel gear tooth surfaces that are skew with asymmetric
teeth is based on the falsely assumed conjugate requirement. The
sample gear pair shown in [2] was manufactured on a machining
center with a ball nose endmill in a milling operation likely taking
many hours to complete, It is rather simple and straightforward
to manufacture a significantly better, perfectly conjugate straight
bevel gearset in only a few minutes by using the generating gear
method and a standard bevel gear manufacturing machine,

An example straight bevel gearset computer model is shown
in Figure 7. The solid model in Figure 7 has been generated by
using standard Gleason basic settings, based on the generating
gear approach and by applying a standard Coniflex® Plus cutter
head as used on Phoenix bevel gear manufacturing machines. The
Coniflex straight bevel gear calculation for conjugate contact has to
be conducted with a dish angle of 0° and no root angle correction
(AGammaM = 0.). The dish angle is creating the length crowning
and a AGammaM creates the profile crowning. With a dish angle
of 0° and a AGammaM of 0° flank lead lines are straight lines and
the profile is a true Octoide (involute equivalent).

A contact analysis of the gearset in Figure 7 is shown in
Figure 8. The top of the figure shows the Ease-0ffs of left and right
flank (called coast and drive side in the graphic). The center of the
figure shows the motion transmission errors of the pinion and
gear flank pairs. The two bottom graphics are the representation
of the tooth contact pattern. The contact pattern graphics are axial

45




9 Poor Understanding of the Scientific Theory of Gearing by the Majority. . .

\

7

7
5

#y s nyna OBt

Figure 9: The correct pinion and gear pitch surfaces.

Figure 10: Surface of action connecting the gear and pinion base surfaces.
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Figure 11: Ease-Dffs, motion graphs, and contact lines of a real conjugate hypoid
gearset.

projections of the flank surfaces and the contact lines in the same
plane a two-dimensional part print would show the tooth area.
The contact analysis in Figure 8 confirms the full line contact
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in each roll position {lower graphics) as well as the zero motion
error jonly numerical static) in the center graphic which makes this
example the perfectly conjugate straight bevel gearset. In the lower
graphic the path of contact was calculated as a zig-zag line which
indicates an undefined contact path. This means that due to the
conjugacy, every point along each contact line is a path of contact
point which makes the analysis program pick random points.

The Ease-Off base plane (top graphics in Figure 8) defines the
conjugate state of a flank surface pair. Because the Ease-Off graph
of the calculated flank pairs matches the presentation plane (base
plane) precisely, that is the proof that a conjugate and precisely
rolling gearset was the input of this contact analysis calculation,

The ab peri creating a ce straight bevel gearset
is strictly academic. Conjugacy is the basis of all gearsets manufac-
tured in high volume on dedicated manufacturing machines. A
conjugate bevel gearset cannot be used for a power transmission
because manufacturing tolerances and load affected deflections as
well as material expansions and deformations under high operat-
ing temperatures will result in edge contact and high load con-
centrations. The load concentrations already start with moderate
load and cause material damage and considerable noise emission,
Although conjugacy is used as a reference for each design, prede-
termined amounts of length and profile crowning are applied. The
right amount of crowning makes a gearset quiet and gives it the
required load carrying capacity. The crowning is shown in the Ease-
Off graphics with the conjugate reference always being present as
the Ease-Off base plane. Several Ease-Off examples of a gearset with
length and profile crowning are shown in the proceedings of this
paper.

PERFECT CONJUGACY IN HYPOID GEARSETS

It begins to become more problematic for hypoid gears. In [1] the
pitch elements of crossed axes hypoid gears are drawn as cones. Even
though the face cones of hypoid gears and pinions are machined
conical, the pitch elements are hyperboloids.

Ernest Wildhaber and Arthur Stewart described their invention
of hypoid gearing in 1926 |3). Boris Shtipelman published in 1978
the relationships and derivations required to understand hypoid
gears and their hyperbolic pitch elements [4]. Figure 9 offers a
graphical interpretation of the hyperbolic pitch elements and their
generator. The pitch surface generator is a line which winds on the
surface of a cylinder beginning at the crossing point of the axes,
equal to the first contact point of the pinion and gear pitch surfaces.
The pitch surface generator is developed by the connecting line
between the pinion and gear pitch surfaces (ng,- n,,) by shifting
the connecting line along the pinion and gear axes. The connecting
line (ngy- ngg) is normal to the pitch elements. Point P is one point
of the pitch surface generator. If the division of the vector products
of the distances between the axes and point P and their respective
axis direction equals the ratio i of the hypoid gearset then one point
of the pitch surface generator is found with:

(g P)x Zg} [ {(P-ngg) X Zp) =i

Although the pitch elements are hyperbolic and not conical, it
is possible to use conical faces for the blanks of pinion and gear. If
point Pin Figure 9 was chosen at the center of the face width, then
tinc(nop-noglcanbeused as a normal vector to define the face angle
ablank with straight face cones if the hypoid set was manufactured
by face hobbing, which implies parallel depth teeth.

Straight face cones will merely influence the top root clearance
of the gearset in the range of 30 to 60 microns, Using straight face
cones will not change the form of the pitch surface nor will it influ-
ence the base surface, Those functional surfaces are given by the
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kinematical relationships and have to be considered when think-
ing about the shape of the surface of action, No plane of action can
exist between two hyperbolic base elements. The correct surface of
action is curved and warped, as shown in Figure 10,

The conclusion is that the second fundamental law of gearing
according to [1] does not exist and is not related in any way to the
conjugacy of gears (as explained and demonstrated in the follow-
ing section).

CONJUGACY BETWEEN MESHING FLANKS

The term conjugate is used in mathematics for two or more sur-
faces that contact each other along a line. Since the 1970s, the term
conjugate has also been employed in gear technology literature to
define the “exact” gear pair which presents a triple plurality of line
contact between two gear flanks during the meshing process [5].

DEFINITION OF THE CONJUGATE GEAR PAIR

1: The flanks contact along a line (contact line), which is only lim-
ited by the boundaries of the teeth i.e. the working area.

2: The line contact between the flanks exists within the entire
area of engagement in every mesh position.

3: Line contact is maintained in the entire area of engagement
if pinion and ring gear are rotated by angular increments where:
{angular pinion increment) | (angular ring gear increment) = trans-
mission ratio.

The Ease-Off is a three-dimensional graphic of the flank devia-
tions from a conjugate pair. It is calculated by transformation of
a pinion flank “into” the gear coordinate system according to the
first gearing law, resulting in a virtual gear flank that is conjugate
to the actual pinion flank. This conjugate gear flank will then be
compared to the present gear flank, where all differences in arc
length are plotted point by point in ordinate direction into the
Ease-Off graphic.

If both mating bevel gears have conjugate manufacturing data,
then the Ease-Off graphic has no deviations in ordinate direction.
Also, if the pinion flanks and the gear flanks have spiral angle and
pressure angle errors of equal amounts, the Ease-Off graphic will
not show any deviation. Although the individual gears are con-
sidered incorrect in this case, they will roll conjugate with each
other, which subsequently leads to an Ease-Off without any ordi-
nate values. Figure 11 shows the analysis results of a typical con-
jugate hypoid gearset. The Ease-Off graphics have zero crowning
magnitudes in the ordinate direction. The motion graph has, next
to some numerical entrance and exit variation, zero motion error.
The contact bearings show line contact within the entire working
area. The coast side contact ends at a toe root undercut (section £).

Each spiral bevel and hypoid gearset with uniform tooth depth
has a conjugate base design. This applies to all face hobbed and
some face milled gearsets, A simple explanation of hypoid gearset

i is possible with a no 1 gear that meshes witha
generated pinion, For the calculation and manufacturing process,
the hyperbolic pitch elements are calculated for the gear first. Then
a suitable blade profile (gear cutter in Figure 12} is chosen and posi-
tioned in a face cutter head, The cutter head is positioned to create
the desired spiral angle. With this procedure, a non-generated gear
can be created by computer simulation and it can be manufactured
with a bevel gear cutting machine |8).

A pinion cutter (see Figure 12) is positioned in a mathematical
maodel or in a bevel gear cutting machine such that it represents
one tooth of the non-generated gear by rotating around its axis,
An additional simultaneous rotation around the pinion generat-
ing gear axis results in this pinion cutter becoming the generat-

Fig. 9.1 (continued)
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ing gear of a conjugate pinion. If the pinion is positioned with the
same offset that was used to determine the pitch surfaces (Figure
9}, then the cutter rotation around the pinion generating gear axis
will form a pinion that is perfectly c to the d
gear. The tooth contact analysis in Figure 11 has been obtained from
such a non-generated hypoid gearset and therefore shows perfect
conjugacy.

More complicated is the generation of a conjugate bevel or hyp-
oid gearset with tapered depth teeth (see Figure 13). If the generat-
ing gear axes have identical axes of rotation that are perpendicular
to the pitch line, the rotating cutter heads and their blades will not
follow the root line of a tapered depth tooth. Tilting the cutter head
in order to follow the root line would viclate the first kinematic
coupling requirement for teeth that are congruent to the slots of
the mating . The was developed in the 1940z |7].

If the cutting edges are adjusted in the cutting machine such
that tooth reference profile and depth is matched at midface, and
if an axial motion of the cradle is introduced that guides the blades
along the tapered root line while the generating roll progresses
along the face width, then the requirements of congruent teeth and
slots are fulfilled with the result of perfect conjugacy.

The process configuration and kinematics in Figure 13 is called
Duplex Completing. Today, all face-milled and ground spiral bevel
and hypoid gears are manufactured with the Duplex Completing
process. The axial cradle movement in this process is called Helical
Motion and was first introduced with mechanical bevel gear
machines in the late 1940s. The Helical Motion of the days of mechan-
ical machines required an additional change gear box which actu-
ated a cam that moved the sliding base during the generation pro-
cess, Today's CNC controlled Phoenix® free form machines have
the Helical Motion capability automatically by their interpolated
axes movement.

WHY IS CONJUGACY NOT DESIRABLE

FOR REAL WORLD APPLICATIONS?

In 1926, Ernest Wildhaber |3, 8] was the first to propose applying
surface crowning on hypoid gears. Wildhaber acknowledged that
the slightest deviations in the gear housing and in the building
position, as well as deflections affected by load and heat, will cause
edge contact with peak stress levels of a multiple of the allowable
wvalues the gearset had been designed for, The conjugate gearset used
for the TCA in Figure 11 was repeated with realistic displacement
values of 50pm offset, 50pm pinion cone and 30" of shaft angle
change. The results in Figure 14 show warped and tilted Ease-Offs
and severe edge contact on heel and top. This edge contact will
cause noisy operation followed by pittings and tooth fracture.

The theoretically conjugate hypoid set will not fulfill any of the
fundamental gearing laws in case of the smallest gearbox inaccura-
cies or deflections. As mentioned above, already small deflections
at moderate loads lead to load concentrations on the edges of con-

Jjugate flank pairs and can cause material damage and considerable
noise emission. As such, the conjugate gear pair is not suitable for
any task in a power transmission.

The introduction of 80pm length crowning and 15pm profile
crowning to the conjugate hypoid design delivers the analysis
results shown in Figure 15. The crowning makes the gearset insensi-
tive to expected inaccuracies in the gear housing and load and heat
affected deflections. Applying the same amounts of shaft displace-
ments then used for the TCA of the conjugate hypoid set in Figure
14 moves the mean point slightly out of the initial position (see
Figure 16), but a large contact area within the tooth boundaries is
still maintained.
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Figure 14; TCA of conjugate hypoid set from Figure 11 with shaft displacements.

It was demonstrated that the hypoid gearset with length and
profile crowning in Figure 15 was developed based on a conjugate
design. The first and third fundamental gearing law, mentioned in
this paper, applies to the hypoid set in Figure 15 at the mean point
roll position, if the load is zero. The first and third fundamental
gearing law will apply in the area of contact as the load increases
and the Hertzian contact spreads in contact line direction as well
as in path of contact direction. This ideal condition can only be
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TRANSMISSION ORIENTATIONS

The proposal in [1] to place the hypoid gearset between motor and
transmission is not practical. Hypoid gears are not used as simple
reducers, but their purpose is to redirect rotation and torque by a
certain angle, commonly 90°, In case of hypoids, the second purpose
of lowering the center of gravity of a vehicle body has become very
important in the automotive and truck industry. The redirection of
rotation and torgue has to be done at the driving axle of a vehicle.
The engine orientation of vehicles with a rear wheel drive is longi-
tudinal. Because engines of cars and trucks are commonly in the
front, a longitudinal oriented propeller shaft transmits the engine
rotation to the rear drive axle (Figure 17, right side). The transmis-
sion, which is located between engine and propeller shaft, needs to
have a gear shaft orientation identical to the direction of the engine
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Figure 16: TCA of hypoid set from Figure 11 with added crowning and shaft
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Figure 17: Hypoid gearset locations in vehicles with rear wheel drive.

achieved with correct amounts of crowning, adjusted to the operat-
ing displacements. It is interesting to mention that a hypoid gearset
with crowning will fulfill the first and third fundamental gearing
laws even in case of gearbox inaccuracies,

Fig. 9.1 (continued)

crankshaft. The hypoid gearset redirects rotation and torque and
provides the final reduction at the drive axle. The advantage of this
concept is the lower torque in the complex shift or automatic trans-
mission and the high torque only at the ring gear at the drive axle.

A concept as shown in the left side graphic in Figure 17 would
require, for example, a chain connection from the transmission out-
put to the drive axle. This solution has low efficiency, causes high
noise, provides an unacceptable packaging, and is not very reliable.

IS LAPPING AN ATTEMPT TO MAKE HYPOID GEARS
CONJUGATE?

In[1, 2] it is mentioned that lapping of bevel and hypoid gearsets can
be omitted if the gear 'y consists of a conj design. This
reveals a misperception about the reason for lapping (and grind-
ing). Lapping and grinding are hard-finishing operations. The soft
manufactured bevel and hypoid gearsets have to be heat-treated,
which in the most common case begins with a case carburizing of
standard gear steels steel such as AISI 8620 or 16MnCr5. In order to
give the low carbon steel a surface hardness in the 60 HRc range, a
layer of carbon enrichment below the surface of 0.8 to 1,5mm depth
is placed by a diffusion process. After the carburizing a quench-
ing in oil and an additional tempering takes place. The result is
a surface hardness that is commeonly close to 60HRc and a core
hardness in the 30HRc range. Case hardening provides an ideal
transition between surface and core hardness that makes gears on
the surface hard and wear resistant and in the core ductile. This
malkes shock loads and certain small plastic deformations tolerable
without failure of the gearset. One major side effect of the heat-
treatment process is the distortion of the gears that is caused by the
carburizing, the re-crystallization of the steel, and the quenching.
In order to make a gearset after heat-treatment suitable for power
transmissions, for example in cars and trucks, a hard-finishing
operation is required. The hard-f operating elimi the
heat-treatment distortions hereby providing the flank surfaces with
the correct geometry from before the heat-treatment back. In addi-
tion, hard-finishing improves the surface finish to a low roughness
and waviness, which enhances the hydrodynamic lubrication and
reduces noise. Grinding and skiving are the preferred hard-finish-
ing methods, creating a defined surface form that duplicates the
original designed surfaces in the single micron range.

In case of face-hobbed bevel and hypoid gearsets, grinding is not
possible, because of the epicyclical flank lead function, Skiving can
generate epicyclical lead functions, but is not yet accepted for the
high production volumes in the automotive and truck industry.
This leaves only the lapping process for the hard-finishing of face-
hobbed angular gearsets. However, the face-hobbed surface texture
and the relative sliding between the flanks of hypoid gears make
lapping an ideal alternative, Lapping can remove the surface scale
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left from heat-treatment, and it re-matches two mating members
by removing some runout and flank form distortions, Lapping can
reduce the transmission error in many cases due to the fact that
the major material removal is in the center region of the teeth
where the tooth contact under light load is expected. In order for
the lapping to work well, more crowning than required in the hard-
finished gearset is used in the gearset design for the soft cutting.
Lapping removes about 30 percent of this crowning, such that the
length and profile crowning is just right after the lapping. Soft
cutting of parts that are lapped after heat treatment considers a
stock allowance of 0.03mm in the pinion and 0.01mm in the gear.
If grinding is the hard finishing process (for face milled gearsets)
then the design crowning is identical to the desired crowning after
hard finishing. Between soft cutting and grinding, a uniform stock
allowance of 0.10mm to 0.15mm is applied to the pinion and gear
flanks.

SUMMARY

Conjugacy between the members of straight bevel, spiral bevel,
and hypoid gears was only the first step and goes back more than
100 years, Quickly, the early scientists and engineers found out
that conjugacy only gives us an important basis, but not a solution
for power transmissions. Angular gearsets under load experience
deflections that move them away from their theoretical position
by half a millimeter and more. Well-di d and
bevel and hypoid gearsets today can live up to those requirements
and still maintain a power density that is four times higher than
it was 50 years ago.

Transmission errors of 50 to 150 micro-radiant that were nor-
mal in the 19705 are in today’s high-power density gearsets only
between 5 and 15 micro-radiant. All this was achieved by convert-
ing a global length and profile crowning (Figure 18, left) first back
to conjugacy (Figure 18, center) and then into a UMC™-optimized
selective crowning, which is limited to particular regions of the

teeth as shown in the right graphic in Figure 18. It is notable that
the flank center of the UMC-optimized Ease-Off is conjugate, and
the transmission error is next to zero. In lapping, similar effects
as in grinding are achieved by using low inertia spindles with rota-
tional compliance and high-speed torque control (SmartLap™).

The dream of conjugate angular gearsets turned out to be a false
objective, Gear scientists, gear 5, and gear
worked successfully for many decades on finding the optimal flank
forms and the optimal non-conjugate flank surface interaction.
The conjugate tooth design is today considered simple compared
to a sophisticated higher order surface modulation. There is still
room for improvement, but this cannot be achieved by going back
to antiquated conjugate designs, »
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The article [2] is instructive, as it clearly shows the poor knowledge of gear
experts when they make an attempt to participate in a discussion on the theoretical
aspects of the gear art in a general sense of the term.

More than a year later, another article was published in the Gear Solutions
magazine [3]. The author’s attention in the article [3] was mainly focused on the
analysis of the principal mistakes committed in the article [2].

This article appeared in the August 2020 issue of the Gear Solutions magazine.
Shortly thereafter, the article was removed from the magazine. The August 2020
issue of the Gear Solutions magazine does not contain the earlier published article
anymore [3]. This is unacceptable, but the already published article was withdrawn
from the issue of the magazine' (evidence of this can be found on page 6 of this issue
of the Gear Solutions magazine — for details, see Fig. 9.2, where the name of the
author of this article is mistakenly retained). Scientific problems cannot be solved in
this manner.

The article [3] is important, as it reports the numerous common mistakes made by
other gear experts. However, because the article [3] was removed from the August
2020 issue of the Gear Solutions magazine and, as such, it is no longer available in
the public domain, a facsimile of this article can be found in Fig. 9.3 immediately
below.

In this second article [3], the author’s comments about all the mistakes and
inconsistencies in the article [2] pertaining to gear science are concisely outlined.

9.1 Conclusion

In this monograph, it has been outlined that the scientific theory of gearing is an
efficient means for solving sophisticated problems in gear design, gear production,
gear inspection, and gear application.

Only proficient, experienced, and knowledgeable gear experts are allowed to use
the proposed theory of gearing. This theory has not been developed for amateurs or
for inexperienced gear experts.

"The original version of the entire August 2020 issue of the Gear Solutions magazine (that contains
the article [3]) is available upon request.
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Fig. 9.2 Facsimile of page 6 in the August 2020 issue of the Gear Solutions magazine, where the

Conclusion

FROM THE
EDITOR Je— -_:

Industry keeps adapting
to the new normal

he craziness that seems to be the driving force of 2020 has affected almost every part of

our lives — from the tiniest things we may take for granted to the larger health issues
that keep us up at night,

As we try to make sense and adapt to what has become a new normal, Gear Sofutions
has tried to adapt as well,

Our August issue and our September issue were originally scheduled to be a spring-
board for the International Manufacturing Technology Show. But like so many other 2020
tradeshows, the organizers were forced to shift gears due to the coronavirus pandemic.

1 must applaud IMTS for working toward making the best lemonade out of the lemons
COVIE9 has thrown at us, Even though the Chicago show is officially canceled, IMTS
organizers are working to take much of the tradeshow virtual. A virtual experience means
no facetoface camaraderie as with past shows, but attendees will still get the benefit of
IMTS” experts and presenters. And 1 suspect no one is going to really miss their annual
soft pretzel food run. (OK, full confession: 1 do love a soft pretzel.)

Itis somewhat of a relief to know that technology has been an awesome tool in keeping
a lot of our business going in these weird times.

‘With physical tradeshows on hold, please take time to see how Gear Solutions can also
be your ally in getting your message to your customers. We offer many ways in which to
remind the industry that your products and services are available.

That's good news for your audience in search of the very services and products that
you can provide every day. And with the world trying to cope with economic and medical
hardships, the deep reach Gear Sofutions can provide is more important than ever.

‘With that in mind, | hope you find the involute gearing and gear design articles in our
August issue of interest.

In a fascinating article from Christian Weber, Thomas Tobie, and Karsten Stahl — all
with the University of Munich’s Gear Research Centre — the authors share their insights
on the rapid and precise manufacturing of special invelute gears for prototype testing.

Next up, frequent contributor Stephen Radzevich discusses the most critical accom-
plishments in the scientific theory of gearing.

And, as always, you'll find some expert and innovative advice from our colummnists. [
always appreciate the wisdom and time they volunteer for the magazine.

‘With all that in mind, a final reminder that Gear Solutions is here to serve you. If you
have any suggestions or would like to contribute, please contact me. I'm always looking
for exciting articles to share.

Stay safe and healthy out there, and, as always, thanks for reading!

y

KENNETH CARTER, editor
editor@gearsclutions.com
(B00) 366-2185 x204

CALL FOR ARTICLES Have a technical paper or other work with an
educational angle? Let Gear Sofutions publish it. Contact the editor,
Kenneth Carter, at editor@gearsolutions.com for how you can share
your expertise with our readers.
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Fig. 9.3 Facsimile of the article: Radzevich [3]
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Fig. 9.3 (continued)

9 Poor Understanding of the Scientific Theory of Gearing by the Majority. . .

In this article, a few of the most critical accomplishments
in the scientific theory of gearing will be discussed.

By STEPHEN P. RADZEVICH

he now-famous equation, “knowledge is

power” (“scientia potestas est”), was coined by

Francis Bacon (January 22, 1561-April 9, 1626).

Formulated as early as 1597, this famous equa-
tiom was proven to be correct for centuries, Knowledge
in any and all areas of human activity gives one a
strong ad ge over those less | ledgeable ones.
Gearing is no exception. Knowledgeable and skilled
gear engineers always have a greater chance for suc-
cess doing business, rather than less knowledgeable
and less skilled ones. This article is aimed at the
promotion of knowledge (namely, the promotion of
the “scientific theory of gearing”) to gear practitio-
ners, and, in this way, to equip them with a means
to achieving success running a business in the gear
industry.

INTRODUCTION

The necessity of scientific foundations of gearing for
design and manufacturing has long been realized by
gear practitioners, Gears that operate on parallel axes
of rotation of a gear and a mating pinion are the first
to attract attention of mathematicians and gear theo-
reticians. It was Leonhard Euler who, in the mid-18th
century, proved that an involute tooth profile fits the
best gears that operate on parallel axes of rotation of
a gear and a mating pinion.

Having started his own career in gearing in 1975,
the author had many opportunities to get familiar
with state-of-the-art innovations in both gear design
and gear production. Shortly after graduating from
college, the author was faced with: (a) numerous spe-
cific problems in gearing, and (b} the absence of an
adequate means to solve these problems. The decades
of research in the field of gearing theory by the author
has resulted in a 2018 monograph titled “Theory of
Gearing: Kinematics, Geometry, and Synthesis™ [10].
It definitely makes sense to the gear community to
get familiar with the capabilities that the proposed
theory of gearing provides gear practitioners. In this
article, a few of the most critical i ]

and gear turing. All the in the
practice of gear design and gear production should be
eliminated. An old Chinese proverb, “The beginning
of wisdom is to call things by their right names,” is a
good place to start.

MOTIVATION
This article was nec by the recently p
article: Stadefeld, H.J.. “Why are Today's Hypoids the
Perfect Crossed-Axes Gear Pairs?” Gear Solutions maga-
zine, May 2019, pp. 42-50 [15]. These comments per-
tain to the key accomplishments in the scientific the-
ory of gearing, The comments could be confusing to
inexperienced gear community members, especially
those who attempt to study the gear theory on their
own and apply the theory in their practical work.
Here and below in this text, the article [15], is used
solely as a rep ive ple of an improp
understanding of the scientific theory of gearing by
a majority of gear practitioners, including those who
may call themselves “gear theoreticians.” An addition-
al reason to reference the article [15] is that it claims
to be written on behalf of established gear theory and
manufacturing (see page 43 in [15]): “This write-up is
meant to be a resy on behalf of d gear
theory and manufacturing.”) No reference is provided
in [15] as to whether this "established gear theory™ is
available to the reader in the public domain.
Recommendation to the readers of the current
article: Except for section 1, the rest of the sections in
this article intentionally reflect the article [15]. This
is to help the reader better understand what these
two articles are about, their differences. and why the
approach outlined in the current article is advanta-
geous over the approach recommended in the article
[15]. When reading the current article, it is recom-
mended to have the article [15] for comparison.

1 THE INTRODUCTORY SECTION: NOVIKOV
GEARING (CONFORMAL GEARING)

in the scientific theory of gearing will be briefly
discussed. The author concludes many in the gear
community may be unfamiliar with the key accom-
plishments in the scientific theory of gearing. A
recently published (2019) Gear Solutions article [15]
{and not this article only) is taken as a representative
example that proves this conclusion. Unfortunately,
there are plenty of publications of this sort in cur-
rent journals and magazines for gear engineers and
scientists. Moreover, the article [15] (as well as other
similar publications) may mislead gear practitioners.
offering wrong approaches in the field of gear design

The ion of gear art is heavily associated with
Ernest Wildhaber. No doubt, Wildhaber is a gifted
inventor and a famous gear engineer. Despite that,
Wildhaber has never been recognized as a gear sci-
entist, as is loosely claimed in [15] (page 43). Because
of that, Wildhaber cannot be granted with the title
of “the father of modern gear theory™ (see page 43 in
[15]). Both these statements are incorrect: Wildhaber
was NOT a gear scientist at all. and, therefore, it is
incorrect to refer to him as the father of modern gear
theory. Wildhaber is credited with NO key accom-
plishments in the scientific theory of gearing (see
|10] for details). A difference between the terms “a
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Figure 1: Examples of (a) fulfillment, and violation: (b} interference, and (c) separation, of a gear, . and its mating pinion, <, tooth flanks: the “Shishkov equation of
contact, i+ V= 07 is fultilled in all three cases (a) through (c), while the law of conjugacy is violated in the cases (b) and (v).

gifted inventor and a famous gear engineer” and “a gear scientist”™
must be noted.

The earlier performed comparison of “Novikov gearing” [2], and
‘Wildhaber “Helical gearing” [1] reveals these two gear systems are
completely different, and. morcover, these gear systems are not
compatible with one another [10, 7, 9. On top of that, the term
“Wildhaber-Novikov gearing” is incorrect by nature, as these two
gear systems (namely, Wildhaber “Helical gearing” [1] and "Novikov
gearing” [2]) cannot be combined into a common gear system [see
[10, 7. 9], and others, for details). It is a huge mistake to adopt the
term “Wildhaber-Novikov gearing.”

“Novikov gearing” can be viewed as a reduced case of a parallel-
axes involute gear pair, while Wildhaber “Helical gearing” cannot
(|3, 6] and numerous other sources).

Today's gear professionals should know the difference between
“Novikov gearing” |2] and Wildhaber “Helical gearing” [1].

2 NEWS ABOUT HYPOID GEARS?

The article |15] proves today’s hypoid gearsets are approximate by
nature, and, thus, they are not geometrically-accurate gearsets, No
alterations can be even anticipated.

Further, no attempt is taken in the article [15] to “question the
creditability of the scientists and gear engineers who worked on
the theory and its improvement over approximately 100 years.” No
gear theory was developed during these 100 years, and no key sci-
entific accomplishments are attained at this period of time. “Trial-
and-error method” is the main — and perhaps only = tool used for
“over approximately 100 years.” But this is not a theory of gearing.
Instead, this is a collection of more-or-less reasonable solutions to
separate gear problems. Combined together, these solutions do not
form a gear theory,

40 gearsolutions.com

Fig. 9.3 (continued)

3 THE THREE FUNDAMENTAL LAWS OF GEARING
Leonhard Euler can be credited for originating geometrically-accu-
rate gears (even though the term “geometrically-accurate gears”
was introduced much later [10]). It is proven [10] that, in order to
be referred to as “geometrically-accurate,” the gears have to fulfill
three fundamental laws of gearing. The fulfillment of three fun-
damental laws of gearing is necessary and sufficient to refer to a
gearset as a "geometrically-accurate gearset.” To the best possible
extent, all three fundamental laws of gearing are discussed in [10].
These laws of gearing are briefly outlined here:

The first fundamental law of gearing: “At every point of contact
of tooth flanks of a gear and a mating pinion, the vector of their
instantaneous relative motion has to be orthogonal to the common
perpendicular at every instant of time.”

In this form, the first fundamental law of gearing is valid for
gearing of all designs that operate on parallel axes, intersecting
axes, and crossing axes of rotation of a gear and its mating pinion.

Numerous interpretations of the first fundamental law of gear-
ing are known. The most practical and extensively adopted way of
interpretation of the first fundamental law of gearing is to ana-
lytically describe this law of gearing in the form of the "Shishkov
equation of contact, ng * Vg =0." The “Shishkov equation of contact,
ng * Vy = 07 is known to practically every gear engineer. Professor
V.A. Shishkov was the first to express (-1948) the first fundamental
law of gearing in the form of the dot product of a unit vector of a
common perpendicular, ng, by the vector of the resultant linear
velocity, Vy, of the tooth flanks in relation to one another. Both the
vectors, ngand Vy, are calculated at the contact point of a gear and
its mating pinion tooth flanks,

The second fundamental law of gearing is often referred to as
the “conjugate action law.” When the “Shishkov equation of contact,
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Figure 2:

positive 1l
i external p.

gear pair (Pat. No. 163857,
USSR, A Helical Gearing./B.V. Shitikov, N.A. Bayazitov, Int. CI. FOGh, Filed: February
25, 1963, Published: July 22, 1964.),

ng * Vg = 0" is fulfilled, the “conjugate action law”™ can either be
fulfilled, or it can be violated. In Figure 1, an example of interac-
tion of local patches of the tooth fanks, ¢ and . is schematically
illustrated. The tooth flanks, .5and < make contact at point, K. The
radii of curvature of the interacting tooth flanks at contact poeint,
K, equal to Rg and R},. correspondingly (see Figure 1a). The centers
of curvature of the tooth profiles, /5 and «, are denoted by 0, and
pondingly. In the i motion of the pinion,
in relation to the gear, 4, the pinion performs an instantaneous
rotation, wy,. about the point 0. The radius of curvature of the
generated actual gear tooth flank, 4, equals to Ry = R In this
scenario, the second fundamental law of gear is fulfilled, and the
actual tooth flank, .4, is identical to the desirable gear tooth flank,
/. as shown in Figure 1a,

Mote: In Figure 1a. the rotation, w,,, of the pinion, <, in relation to
the gear, .4, about the contact perpendicular, n, is not prohibited by
the second fundamental law of gearing.

Ifthe instantaneous rotation is performed either about the center
ojr.'.n (when Rmc Rg. see Figure 1b), or about the center O!,,g [when R}‘-‘I
= R, see Figure 1c), the second fundamental law of gear is violated,
and the actual tooth flank, .5, differs from the desirable gear
tooth flank, 4.

Reminder: The first fund. al law of gearing (as well as the
“Shishkov equation of contact, ng * V¢ = 07) is fulfilled in all three
cases shown in Figure 1, while the second fundamental law of gearing
is fulfilled only in the first case illustrated in Figure 1a. The schematic
in Figure 1 is helpful for understanding the difference between the
first and second fundamental laws of gearing and prevents the mak-
ing of unsubstantiated conclusions in this regard.

0y, cor

Fig. 9.3 (continued)
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Important: When the second fundamental law of gearing is ful-
filled, the first fundamental law of gearing is always fulfilled, and
not vice versa,

With that said, it makes sense to go back to the article [15] and
compare the results illustrated in Figure 1 with a loosely made state-
ment (see page 44 in [15]): “The second fundamental law of gearing,
..., is a redundant relationship to the first gearing law, and it is
limited to cylindrical gears with parallel axes and straight bevel
gears without hypoid offset. In this case, it adds nothing to the first
gearing law; conjugacy is already given by the relationships required
in the first gearing law." It is correct to question whether a gear
practitioner has a chance for success in the design and production
of today’s sophisticated gear systems if he or she strictly follows the
afore mentioned quote (see page 44 in [15]).

In the most general case of gearing (namely, in the case of
“crossed-axes gearing”, or * C, — gearing”, for simplicity) the second
fundamental law of gearing is formulated as:

The second fundamental law of gearing: “In order to smoothly trans-
mit a uniform rotary motion from a driving shaft o a driven shaft
by means of gear teeth, perpendiculars to the tooth flanks of the
interacting teeth at all points of their contact must intersect the axis
of instantaneous rotation in the gear pair”

In a reduced case of gears that operate on parallel axes of rotation
ofa gear and its mating pinion (namely, in the case of “parallel-axes
gearing”, or “F, — gearing”, for simplicity) this fundamental law of
gearing is formulated as:

The second fundamental law of (parallel-axes) gearing: “In parallel-
axes gearing, in order to smoothly transmit a uniform rotary motion
from a driving shaft to a driven shaft by means of gear teeth, perpen-
diculars to the tooth flanks of the teeth at all points of their contact
must pass through a stationary point located on the line of centers,
namely, the pitch point F; the pitch point subdivides the center-dis-
tance reciprocal to the angular velocities of the gear and the pinion.”
(Robert Willis, 1841 [16])

These days, the second fundamental law of gearing (in a case
of parallel-axes gearing) is commonly referred to as “Camus-Euler-
Savari fundamental law of gearing” (or * fundamental law of gear-
ing.” for simplicity).

The second fundamental law of gearing is also often referred to
as “conjugate action law” — and this is also correct.

The design of "Alpha Worm Gearing” (New Venture Gear,
Syracuse, NY; US Pat, No, 6,148,683, Nov. 21, 2000) is a good example
of the violation of the second fundamental law of gearing. Violation
of the second fundamental law of gearing is the main reason for
this design fail, and it has caused major financial damage to the
gear industry.

The third fundamental law of gearing relates to the distribution
of the gear teeth over the periphery of a gear and a mating pinion. In
the most general case of gearing (in the case of crossed-axes gearing),
the third fundamental law of gearing is formulated as:

The third fundamental law of gearing: “In order to smoothly transmit
a uniform rotary motion from a driving shaft to a driven shaft by
means of gear teeth, at every instant of time the angular base pitch
of a gear, and that of a mating pinion, both have to be equal to the
operating angular base pitch in the gear pair.”

In a reduced case of “parallel-axes gearing,” this fundamental
law of gearing is formulated as:

The third fundamental law of gearing (in parallel-axes gearing): “In
parallel-axes gearing, in order to smoothly transmit a uniform rotary
motion from a driving shaft to a driven shaft by means of gear teeth,
at every instant of time base pitch of a gear and that of a mating pin-

ion, both must be equal to the operating base pitch in the gear pair.
. " 41



9.1 Conclusion

All the geometrically-accurate gears (that is. all the precision
gears —with no exception) meet all three fundamental laws of gear-
ing — this is a must.

4 PERFECT CONJUGACY IN STRAIGHT BEVEL
GEARSETS

The title of the section “Perfect Conjugacy in Straight Bevel Gearsets™
in the article [15] may be confusing to readers, as “conjugacy” by
nature cannot be “perfect” or “imperfect.” Gearsets of all kinds are
either conjugate, or they are not conjugate. The term “perfect con-
Jugacy” could be considered analogous to saying “a bit pregnant.”

It is loosely claimed (see page 44 in [15]) that: “The plane of action
cannot be extended beyond its tangential contacting line with the
base element as shown incorrectly ... . The plane of action exists where
tooth engagement is possible.” Gearsets that feature the plane of action
that extends far beyond its tangential contacting line with the base
element have been known for decades, As an le, a parallel
gear set of this particular kind is depicted in Figure 2 [14]. Later on,
this concept was evolved (~2008) by Prof. 5.F. Radzevich to the cases of
intersected-axes gearing, as well as to crossed-axes gearing [10].

In a set of articles [11]. [12], and [13], the preliminary results of
testing of low-tooth-count spiral bevel gears of a novel design are
discussed. Without going into details of design and manufacture of
spiral bevel gears of this design {proposed by Prof. 5.P. Radzevich,
2008, and designed using the earlier developed scientific theory of
gearing [10]), it is right to stress the following:

1. As shown in Figure 3, the predicted contact patch is perfect (see
Figure 7a on page 21 in [13]).

2, As shown in Figure 4, the predicted contact pattern is perfect
[see Figure 9 on page 23 in [13]).

3. As shown in Figure 5, the contact pattern in the roll test is also
perfect {see Figure 10 on page 23 in [13]), and it indicates excellent
correlation with the predicted one,

4. No lapping was used to finish the gears.

5. No adjusting for the axial configuration of the gear and the
mating pinion is required, and the gears are ready to run,

In today’s production of precision gears, the use of the lapping
process is inevitable, Those § ledgeable in the scientific theory
of gearing can eliminate dirty and obsolete lapping processes from
finishing tooth flanks of gears for precision gearsets,

Concerning the statements on page 45 in [15] that state: “The
Octoid is the analog function of an involute, and it provides to
bevel gears the same ad age as an involute provides to cylindri-
cal gears. ... bevel gears have a trapezoidal generating profile. The
straight rack ... becomes a ring ... as shown in Figure 6.7 It has been
known for a while that the tooth profile of a crown rack for generat-
ing a geometrically-accurate bevel gear has to be shaped in the form
of a curve illustrated in (see Figure 6) [10], and NOT in the form of
a straight-sided crown rack. Only approximate bevel gears can be

d by the just: tioned straight-sided crown rack “shown
in Figure 6" [15]. No gearing with the so-called “octoidal™ path of
contact is possible at all: If one assumes the path of contact shaped
in a form of an octoid curve, this inevitably entails violation of the
second fundamental law of gearing — it is important to bear this in
mind. The so-called “octoid gearing” is a mistake that often travels
from one publication to another,

Concerning the statement on page 46 in [15] that states:
“Conjugacy is the basis of all gearsets manufactured in high volume
on dedicated manufacturing machines.” All the bevel gears manu-
factured in high volume on dedicated manufacturing machines are

d by means of straight-sided crown rack (shown in Figure
6, page 45 in [15]), and, thus, all of them are approximate gears.

42 gear

Fig. 9.3 (continued)
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Figure 3: Predicted contact patch in a
spiral bevel gears.

Contact pattern
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Figure 4 The predicted contact pattern in geometrically-accurate intersected-
axes gearing.

Only approximate bevel gears can be generated by just mentioned
straight-sided crown rack “shown in Figure 6" [15]. As the generated
bevel gears are approximate, no conjugate bevel gear pairs can be
composed of these gears.

Concerning the statement on page 46 in [15] that states: “Conjugate
bevel gearsets cannot be used for a power transmission because manu-
facturing tolerances and ... Today’s gear industry is capable of manu-
facturing precision helical i gears that ively used, for
example, in the design of turbine reducers. The gear industry is NOT
capable of manufacturing precision bevel gears, and this is the main
reason for precision bevel gears NOT being extensively used in the
industry. The bottom-line is: Precision bevel gears are NOT extensively
used in the industry solely because the gear industry is not capable of
producing (for a reasonable cost) these kinds of gears.

Concerning the statement on page 46 in [15] that states: “The
right amount of crowning makes a gearset quiet and gives it the
required load carrying capacity”. How can the “right amount” be
determined for a particular bevel gear application? The desirable
amount of crowning can be determined by means of a “trial and
error method” - this is the only tool developed by the “established
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Figure 5: Contact pattern in geometrically-accurate spiral bevel gears in roll test.

>K

7 Spherical involute

ly-accurate

Figure B: Trace of contact point in accurate gear pair.
gear theory” in [15]. Today’s scientific theory of gearing not only
gives an answer to the question of how the “right amount” can be
determined, but it also provides an in-detail specification of the
entire modified tooth flank. Properly engineered gears (both design
and production) do not need to use a "trial and error method.”

5 PERFECT CONJUGACY IN HYPOID GEARSETS

The discussion on “perfect conjugacy in hypoid gearsets” in [15]
is similar to “perfect conjugacy in straight bevel gearsets” dis-
cussed earlier (see Section 4). Again, the title of the section “Perfect

Fig. 9.3 (continued)
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Conjugacy in Straight Bevel Gearsets” in the article [15| may be con-
fusing to readers as "conjugacy.” by nature, can neither be “perfect™
nor “imperfect.” Gearsets of all kinds are either conjugate, or they
are not conjugate.

Concerning the statement on page 46 in [15] that states: ... the
pitch elements of crossed axes hypoid gears are drawn as cones.”
It fails to describe one of the key features of the modern scientific
theory of gearing [10]: In order to design gears for hypoid gearsets, no
pitch elements are required at all. The term: “_.. the pitch elements
are hyperboloids™ is obsolete and is no longer used in the modern
scientific theory of gearing [10].

Concerning the statement on page 47 in |15 that states: “No plane
of action exists between two hyperbolic base elements.” It is correct,
as it proves there is no place for hyperboloids in the kinematics and
the geometry of gears with crossing axes of rotation of a gear and
its mating pinion,

Concerning the statement on page 47 in [15] that says: "The cor-
rect surface of action is curved and wrapped, as shown in Figure
10." Surface of action in hypoid gearing (as well as in gearing of all
other kinds) is a plane through the axis of instantaneous rotation,
or it is a plane through the common perpendiculars constructed
at all points of the line of contact between the interacting tooth
flanks of a gear and its mating pinion. The normal forces of interac-

tion in gearing are commonly described
by means of vectors. A vector is a quantity
possessing both magnitude and direction.
Vectors are described by means of straight-
line segments with a specified direction.
This leaves no room for “curved surface
of action.”

5.1 CONJUGACY BETWEEN MESHING
FLANKS
Concerning the statement on page 47 in
|15] that says: “The term conjugate is used
in mathematics for two or more surfaces
that contact each other along a line. Since
the 1970s, the term conjugate has also
been employed in gear technology litera-
ture to define..” Line contact between two
surfaces (namely, between tooth flanks of
two mating gears) is not sufficient {and is
not always necessary) to refer to the pair
of surfaces as to “conjugate surfaces,” In
ddition, the second fi 1 law of
gearing has to be fulfilled for conjugate
surfaces, which is a must. Moreover, it has
been discovered over the last 10 years that
two surfaces {two tooth flanks) can be con-
Jugate to one another even when they are
in point contact.

5.2 DEFINITION OF THE CONJUGATE GEAR PAIR
Concerning the statement on page 47 in [15] that says: ... hypoid
gearset conjugacy is possible with a non-generated gear that meshes
with a generated pinion.” This reveals a poor understanding of the
term “conjugacy,” as no conjugate action is possible between non-
generated tooth flank and generated tooth flank.

6 WHY IS CONJUGACY NOT DESIRABLE FOR REAL
WORLD APPLICATIONS?

Most gear engineers don't doubt whether the conjugacy of inter-
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acting tooth flanks is desirable. Conjugacy is always desirable —
especially in high-power-density transmissions and in high RPM-
gearsets. Unfortunately, with no lapping process in finishing the
tooth flanks, the gear industry is not capable of producing preci-
sion gears for real-world gearsets. For over a decade, a concept of
crossed-axes gearsets that are insensitive to the mating gears axes
displacements (both, the linear displacements, as well as the angular
displacements) were introduced to the public [10], Gears of this sys-
tem are commonly referred to as "5, — gearing.” The *S;, — gearing”
is a kind of point contact conjugate gearing capable of absorbing
all the linear and angular displacements of a gear and its mating
pinion axes of rotation, as long as the actual values of these displace-
ments are within the prespecified tolerances for the accuracy of the
gearset. At the same time, the "S},, — gearing” features the highest
possible power density being transmitting by the gearset,

7 TRANSMISSION OPERATIONS

Only time will tell if it is practical “... to place the hypoid gearset
between motor and transmission ...?” (see page 49 in [15]). Looking
to the future, one can conclude that the vehicle powertrain is not
the only potential application of gears with crossing axes of rotation
of a gear and a mating pinion.

8 IS LAPPING AN ATTEMPT TO MAKE HYPOID GEARS
CONJUGATE?
Eventually, the lapping process in the production of gears for bevel
and hypoid gearsets will be eliminated [6]. The gear-grinding process
is a No. 1 candidate for the future of gear-finishing operations. The
sooner the key accomplishments in the scientific theory of gearing
reaches gear practitioners, the sooner gear lapping will be replaced
by gear grinding. This negates the statement on page 49 in [15] that
says: “This reveals a misperception about the reason for lapping”
An in-depth familiarity with the key accomplishments in the
scientific theory of gearing will make it possible to eliminate the
gear-lapping process and replace it with the gear-grinding process.
This is a reliable evolution of the gear design practice and the gear-
finishing processes in particular,

9 SUMMARY
Itisimportant to note that over the last 100 years, the gear industry
has failed to:

» Eliminate lapping process.

¥ Avoid the necessity of adjustment of bevel fhypoid gears in pairs
(that makes the gears not-selFreplaceable).

¥ Eliminate the necessity of pairing of gears that operate on
intersected, as well as on crossing axes of rotation of a gear and its
mating pinion.

¥ Solve the problem of excessive gear noise excitation and vibra-
tion generation.

CONCLUSION
In conclusion, it is likely the gear industry could end up wasting
funds and time following the direction of evolution outlined in
the article [15].

In the article [15] there is no evidence of:

» Whether the third fundamental law of gearing is understood
by the author,

» The importance of the concept of the “operating base pitch” in

213

a gear pair is realized.

» The concept of a gear, of a mating pinion base pitch in intersect-
ed-axes gearing, and in crossed-axes gearing, along with the concept
of the “operating base pitch” in intersected-axes, and in crossed-axes
gearsets as realized by the author.

Not all the inconsistences in [15] are addressed here — only some
of the larger issues. However, a more detailed analysis (if necessary)
can be undertaken,
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Chapter 10 ®)
Gear Manufacturing Accuracy Prediction, sz
Control, and Management

Mykola E. Terniuk, Anatolii V. Kryvosheia, Alexander M. Krasnoshtan,
Pavlo M. Tkach, and Sergey V. Lutskii

10.1 Introduction

The difference between real shaping and nominal (ideal) shaping is the presence of
the geometrical deviations of the real profile compared with the nominal ones.

The main final problems, to be solved in the research of the regularities of real
shaping, are those of forecasting with a given reliability of arising errors as well as
the problems of control, including the optimal one, by these errors.

Controlling is impossible without control. Therefore, the tasks of optimizing
processes and control schemes should also be studied.

In accordance with the current standards for the methods of standardizing the
errors of a gear, the conditions for ensuring accuracy, not lower than the required
one, can be modeled by the following inequalities:

[Hm‘] * Zf]i(znm np» P) Z [Hm‘] 7;
[Hci] * ZfZi (KCp’ ﬁcp, P) > [Hci] B ; (101)
iel,

where

I1,;, I1.; are the limiting and average values, respectively, of the ith standardized
error.
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fii» foi are the analytical or algorithmic functions.

II,,p, I, are the vectors of the limiting and average values, respectively, of primary
errors and process factors that determine the errors of the gear.

P is the given forecast reliability.

J is the number of standardized errors that determine the kinematic accuracy,
smoothness of operation, contact pattern, and backlash in the transmission.

Section 10.2 contains general equations of real tooth profiles, dependencies of the f;;
and f5; types are obtained, and methods of information support of the obtained depen-
dencies are developed. Sections 10.3 and 10.4 present the possible methods and
technical means of control and consider the possible ways to enforce conditions (10.1).

The resulting dependencies are common to all methods of shaping teeth by
machining. The generality is necessary for implementation of the principle of
completeness of information when solving problems of optimization synthesis.

The prerequisites for carrying out general studies are the proposed thesis on the
isomorphism of the processes of real shaping as well as the previously obtained
fundamental results in the field of geometry of gears, the theory of shaping of
surfaces [5, 6, 21, 22, 26, 27, 44], and the theory of accuracy [2, 3, 36].

10.2 Modeling the Main Regularities of the Processes
of Real Shaping of Teeth and Development
of the Methods for Analytical Forecasting of Errors

10.2.1 Development of a System Model of the Process of Real
Shaping of Teeth

The model of the real shaping process should reflect the factors causing errors,
taking into account the connections between them.

The methodology of the general approach adopted in this work requires, at the
first stage of research, the advancement of the assumption that all elements of a
technological system affect the processing accuracy. Therefore, potentially valid
initial objects are established: blanks, technical means, environment, performers, and
the details themselves.

It is obvious that errors occur at different stages of the life cycle of a technological
system, but they usually come about at the stage of work. Moreover, a number of
primary errors of technical means and blanks materialize at the stages of manufacture
(restoration) and adjustment. Therefore, it can be argued that the process of real
shaping is influenced by operators and the workpiece, the manufacture (restoration)
and adjustment of technical means, the environment, parts, and the process of the
system itself, which directly affects the environment, the workpiece, and the part.

From the above-listed factors, we will select those that significantly affect the
geometric deviations.

Based on the analysis of the physical processes occurring in technological
systems, carried out in the study by Bazrov [3], it can be considered that they



10.2  Modeling the Main Regularities of the Processes of Real Shaping of. .. 217

significantly affect the geometric deviations: the initial geometric characteristics and
the thermal, power, kinematic, and wear phenomena.

These phenomena are the sources of possible geometric inaccuracies, internal
stresses, forces, wear, temperature fluctuations, and distortions of the trajectories of
the working parts of systems. As a result, the so-called primary errors of a system
arise: geometric, power, thermal, kinematic, and wear errors.

All of these types of primary errors, as a result, materialize initially in the form of
geometric deviations of the machine—fixture—tool—part (MFTP) system and then in
the form of geometric deviations of the profiles of the teeth of a machined gear.

Geometric deviations of an MFTP system can be emphasized with varying
degrees of detail.

For practical use, a system for detecting the geometric errors of an MFTP system
is desirable, which would make it possible to separately identify the degree of
influence of the main elements of this system on the total error of gears. In addition,
it is advisable to isolate errors that would make it possible to reveal their physical
meaning and make a direct measurement.

The above conditions are reached by a system that distinguishes the following:

(a) Generalized errors of the machine are errors of doubling of the final links; there
may be six such errors according to the number of the possible degrees of
freedom of the final links in relative motion, like any material body.

(b) Errors in setting the tool and parts as the displacement of the latter in relation to
the end links of the machine; each of the errors, in the general case, contains six
linearly independent components according to the number of the possible
degrees of freedom of solid parts.

(c) Errors of the instrument itself as deviations of real (actual) coordinates in relation
to the nominal ones; there can be three such linearly independent errors in
accordance with the number of coordinates.

(d) Errors of the part itself as recoverable deformations (elastic and thermal), which
always occur during processing; there can be three errors, like the errors of the
tool, in accordance with the number of coordinates.

Thus, the geometric errors of an MFTP system can be reduced to a full set of
errors, consisting of 24 components. These 24 components, due to the fact that the
entire multitude of any error of an MFTP system can be reduced to them, are called
cited primary errors.

By being aware of the abovementioned primary errors, it is possible, by devel-
oping a system for their accounting, to calculate the normalized errors of a ring gear:
indicators of kinematic accuracy, smoothness of operation, contact patch, and side
clearance.

If we take quaternions of errors as elements of reduction, then, on the basis of the
above, the general system model of the occurrence and accounting of errors, as the
main model of the process of real shaping, can be represented in the form of a block
diagram as shown in Fig. 10.1.

The resulting model reflects the general patterns of the processes of real shaping
of teeth and allows one to proceed to drawing up the general equations of their
profiles.
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Fig. 10.1 System model for the occurrence and accounting of errors

10.2.1.1 Derivation of the General Equations of the Real Profiles
of the Teeth of Machined Gears

To obtain the general equations of real tooth profiles, we associate the coordinate
system with the nominal end links of a machine tool

SipiXin, Yin, Zin} USyy{Xon, Yo, Zou}.

Let us give these systems a relative motion that realizes all six degrees of freedom
and coordinate the components of the motion with the parameters, as shown in
Fig. 10.2.

The nominal axis /-I, around which a tool can rotate with the parameter ¢, is
crossed with the nominal axis II-II of the workpiece rotation with the parameter ¢, at
an angle y. The center-to-center distance as well as the displacements of the /-/ axis
in a plane parallel to the plane Y',0},Z, are indicated by the parameters a,,, y,
and y, respectively. The quantities y, a,,, W, ¥,, and ¢, are functions of the
envelope parameters and, in turn, ¢; and y are the functions of time, i.e.,

r=r(@n, w) av=av(d, w), v, =y, (@, w), yv.=w (¢, v), and ¢, = $,(¢y, y)

The relationship between the coordinate systems S}, and S5, (Fig. 10.2) exclud-
ing the rotations of the end links can be expressed by a matrix compiled by the
method described in the study by Litvin and Fuentes [16]:

0 cosé —siné  a,
~ — sin cosy sin COS ¥ cOS
My = v . 7 ¢ ¥ (10.2)
cosy sinysiné sinycosé y,

0 0 0 1
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Fig. 10.2 Nominal position
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In accordance with the general model (Fig. 10.1), the errors of a machined gear
can be presented as a result of the disturbance of the shaping movement [3] as well as
a result of the transfer of the primary errors of the tool to the workpiece and the
manifestation of recoverable deformations of the part.

Violation of the shaping movement occurs due to deviations from the nominal
positions of the axes of the end links of the machine as well as the mismatch of the
geometric axes of the tool and workpiece with these axes.

In accordance with the obtained results [3], we describe such violations by the
matrices: M anreflecting the possible displacements of the real axes of the end
links of the machine in relation to the nominal ones, and M A1 and M A2, taking
into account the installation errors, namely, the displacement of the base surfaces of
the tool and part, respectively, in relation to the real axes of the end links of the
machine, on which the tool and part are installed.

It is possible to find the structure and values of the matrix elements M Al» M A2,
and My due to the fact that these matrices describe the possible displacements of
one body with respect to another, and, thus, they can realize all six degrees of
freedom.

Based on the study by Litvin and Fuentes [16], we have

My =My, 'MAiy My, i€ {H, 1, 2}, (10.3)

where
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cosA¢g,; sinAg,; 0 O
~ — sinA¢,; cosAgp,; 0 O
Mz = '
0 0 1 Az
0 0 0 1
cosAg,, 0 —sinAg, O
~ 0 1 0 Ay;
My = )
sinAg,, 0  cosAg,, 0
0 0 0 1
1 0 0 Ax;
~ 0 cosA¢, sinA¢, O
Mpix= .
0 —sinA¢, cosA¢g, O
0 0 0 1

Here, A¢.;, Agy;, and Ag¢,; are excessive turns, and Az, Ay; and Ax; are
excessive displacements of real axes (bases) with respect to the nominal ones. The
accepted sequence of the offsets of the coordinate systems is illustrated in Fig. 10.3,
where the subscripts r and p indicate the coordinate axes of the auxiliary systems.

Taking into account the possible rotations of the tool and the workpiece, and the
resulting matrices (10.2) and (10.3), the relation between the technological axes is
expressed by the matrix:

My =My - Man - My - My, (10.4)
where
Ly X _
As
Y Wl
X \g y 0
| |
0, 1__ \ '
n“' g A Fd 1 a /9, r G(J !
¥ / y a  \ ',
72 Oy % z,
Loy g Fa &

Fig. 10.3 Intermediate coordinate systems



10.2  Modeling the Main Regularities of the Processes of Real Shaping of. .. 221

Fig. 10.4 Structural ‘
element diagram of the
simplest MFTP system

Machine l ‘ Fixture ‘

‘ Tool ‘ | Part ‘

cos¢p, sing, 0 O cos¢py —singg; 0 O

~ — si co 0 0 ~ i s 0 0
Wy — sin ¢, S, B — sin ¢, cos ¢,

0 0 1 0 0 0 1 0

0 0 0 1 0 0 0 1

Here, ¢, and ¢, are the angles of rotation of the tool and the gear around the
axes Z| and Z), respectively.

Matrix (10.4) does not reflect all the factors that violate the required law of
relative motion of the elements of the AIDS system, since it does not take into
account the possible displacements of the base surfaces of the tool and part with
respect to the technological axes. However, it is necessary for further derivation of
the equation of the real surfaces of the teeth of machined gears. This matrix was
compiled for a case in which the structure of the MFTP system is the simplest and
corresponds to Fig. 10.4.

With regard to this case, the general matrix of the relationship between coordinate
systems that are rigidly connected to the tool surface and the structural base of the
machined gear, reflecting the violation of the shaping movement in full, has
the form:

Ms =My - Moy - M - My - My, - My, (10.5)

Due to the fact that the matrices M A2» M A1, and M AH contain six linearly
independent (albeit correlated in modulus) elements, the total number of parameters
reflecting the violation of the shaping movement is 18.

The resulting matrices (10.5), jointly with expressions for determining the radius
vector of the tool surface, make finding the equations of the real profiles of the teeth
of the gear being machined possible. However, these equations will not highlight
those parameter changes that can be accepted for active control of machining
accuracy.

If we take into account the above evidence that a full set of the given primary
errors contains 24 components, 18 of which reflect the violation of the shaping
movement and the remaining 6 are the errors of the instrumental surface itself and
the recoverable deformations of the gear, then it can be argued that a full set of all
possible methods of error compensation should contain 3 groups of techniques. One
is to compensate for errors in shaping movements, the second is to compensate for
errors on the instrumental surface itself, and the third one is to compensate for
recoverable deformations of the gear. Error compensation issues are discussed in
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Fig. 10.5 Block diagram of an MFTP system containing a full set of devices for compensating
errors
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detail below. Here, on the basis of the aforementioned, we note that an MFTP
system, in the general case, may contain devices for changing the movements of
the machine during processing — compensation mechanisms for small
displacements — as well as devices for controlling the size and shape of the tool
surface and devices for controlling the recoverable deformations of the part, in
particular, the deformations of its teeth. The structural diagram of such an MFTP
system is shown in Fig. 10.5.
In Fig. 10.5,

CM is the compensation mechanism, which, in the general case, can be two — one at
each of the output links of the machine.

CU is the control unit.

CCU is the common control unit.

TCU is the tool dimensions and shape controlling unit — a device for controlling the
size and shape of the tool.

PCU is the part recoverable strain controlling unit — a device for managing the
recoverable strain of the part.

M is the machine.

F is the fixture.

T is the tool.

P is the part.

In general, each of the compensation mechanisms can have six linearly indepen-
dent controlled movements. These movements can be described by a matrix having a
matrix structure M »;, the elements of which are indicated by the indices K; and K.

The function of devices for controlling the dimensions and shape of the tool, as
well as the recoverable deformations of the part, can be described by the
corresponding three-component increments of the radius vectors A7 g and A7yk.

The above allows one to proceed to the derivation of the general equation of real
tooth profiles, taking into account the possible actions to manage errors by compen-
sating for errors. In this case, we additionally take into account that due to the
appearance of processing absence zones and large initial errors (for example, when
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shaving or grinding), adjustment errors for size, the phenomenon of “edge loss”
[12, 36], and other reasons, the case in which only a part of the surface is processed
(and remains “black*) can be considered common. From this, as a specific case, the
case of complete surface treatment of the teeth follows.

In the general case, the processing of toothed ears can be carried out according to
a two-parameter scheme. The one-parameter processing scheme is a special one.
Formally, multi-parameter schemes, by replacing parameters, can be reduced to
two-parameter schemes [22].

The estimation of the errors of gears should be made not from a technological but
from an operational (constructive) base, although the processing is carried out from a
technological one. The relationship between these bases is expressed by a matrix
Mps.

Let the nominal tool surface S;{X;, Y, Z,} be specified in the coordinate
system

711—1271]-](1,{, V). (106)

Then, the coordinates of the real instrumental surface on the ith pass, taking into
account the errors described by the increment of the radius vector A7;, and the
compensation of errors due to the input A7, taking into account (10.6) will be

71,':71[-1 +A715+A71K. (107)
The envelope (if it exists) of the family of surfaces formed by the instrumental

surface described by (10.7), when it moves with parameters ¢b; and y, can be set by
the equations:

Toi =Toi(u, v, AT, AT ik, ¢, w); (10.8)
872,' 872,~ 672,' Y
[au T ov’ 5(/)1] =0: (109)
872,' 672,' 8725 N
[au, e aw] =0. (10.10)

Equations (10.9) and (10.10) can be transformed. To do this, we will rewrite them
in the form:

872,‘ 872,« 872,' A

(au X av) 5471 =0 (10.11)
07y  OFy\ 02

<au x av> 5, =" (10.12)

For the case of reference 7,; relative to the technological axis, we write:
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T2 =Msyr

li’

where MZH :MZH 'MAH 'MH 'MHI . MAK MAL
In accordance with the structure of the matrix Mg, its elements are functions ¢,
and y; therefore, using (10.13) we find:

(10.13)

872[ Y 8?1,-
o =My 5 (10.14)
872,' Y 871,-
S =My - 5 (10.15)
87 i 51\71 — Y ai i
0, = a9, T (10.16)
‘Z;f - agl;f’ Fyi + My - aafl‘/" (10.17)
it is known [5, 14], that
or i or P ~-N\T _
S x 52 :nzz(M):Hl) 7, (10.18)
where
— 6?1,- 871,-‘
m=z"X 5 (10.19)

«T» is the transposition sign and the superscript “-1” means an inverse matrix.
Substituting (10.18) and (10.19) in (10.11) and (10.12) and taking into account
(10.14), (10.15), (10.16), and (10.17), like it was done in the study by Erikhov [5],

we obtain:

ou ov

8711' y 8?1,»
ou ov

(ar“ y 871,‘

~716M2 —

8?1,- .
) (3 G 7o+ 552) o 020
)(sz;%'ﬂi-&-aa:;) =0; (10.21)

Thus, the envelope of the surfaces of the teeth relative to the technological axis
will be described by Egs. (10.8), (10.20), and (10.21).

Let us introduce and consider the definite unit functions of the asymmetrically
positive U, (x) and negative U_(x). Their graphs are shown in Fig. 10.6.

Then, if these functions are considered as an argument x = |7y;| — |72(,-, )

one can write:

, then
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Fao =T - U ([Pl = [Foii—)[) + Fai—1) - U ([Panp| = [Fal).  (10.22)

Here, the “+” sign refers to the processing of the external engagement profiles,
and the “~” sign refers to the internal engagement profiles.

Equation (10.22), which is essentially nonlinear, reflects the presence of “blacks,”
i.e., areas of the surface described by the radius vector 7(;_ ). Thus, this equation
describes the actual surface obtained, taking into account the areas of nontreatment.

This is illustrated in Fig. 10.7, where line 1 specifies the original surface, i.e., the
surface described by the radius vector 7(; _ 1); line 2 is the surface obtained on the ith
considered passage, i.e., the surface described by the radius vector 7,;; and the
contour line marks the actual surface formed on the ith pass and is described by
Eq. (10.22).

Thus, taking into account the change in the bases noted above, the general
equations of the real surfaces of the teeth can be written in the following forms:

Fap =Mz (Pao — ATayr + AFag); (10.23)
Fao =Tai - U % (|Fai| — ’72(i71)|) +7ri-n - Ux (|72(l~,1)| — [721]); (10.24)
Fai = MsyT1s; (10.25)
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5?1,» 8?” ~ —1 aME _ a?li
Myy = 7 —0; 10.2
(a“ " a")( 0, 71,+a¢1 X (10.26)
871,' 671[ ~ —1 51\712 _ a?”
Mgy ——=T71; =0; 10.2
(514)( av)< EH Oy rll+ay/ 0 (10.27)
Msy =Moy - Mar - My - Mpgy - Mag - My (10.28)
Fii =T + A7y + Ak, (10.29)

Considering the independence of 7,y from ¢b; and y, we represent

07; OAF;  OAFk

= + ; 10.30
36, ~ ob T oy (10:30)
OFi; _ OAFy; | OAFx
oy Oy oy

(10.31)

From the obtained general Egs. (10.23), (10.24), (10.25), (10.26), (10.26),
(10.27), (10.28), (10.29), (10.30), and (10.31), the equations of the real teeth profiles
of all existing processing schemes are derived as special cases. For example, when
shaped by the one-parameter envelope method in the reduced system of equations,
Egs. (10.26) or (10.27) turns into an identity and is dropped from consideration.
When processing by the copying method, both of these equations become identities.

With complex movements of the machine, it is difficult to “manually” perform
calculations of coordinates according to the reduced system of equations. It is
advisable to use a computer. At the same time, the use of the method of structural
modeling of shaping processes, first proposed by Prof. B.A. Perepelitsa, is especially
effective [21, 22], since all matrices and radius vectors can be modeled by a set of
unified operators. The differences that should be taken into account in the programs
are the account of nonlinearities in dependence (10.26) and strictly specified types of
matrices.

The resulting system of equations for the real surfaces of the teeth allows
determining the actual coordinates of these surfaces:

sz :sz (¢1, Y, Z,,, ﬁ, ZK);
Yop=Yop(¢1, w, An, T1, Ag); (10.32)
Zzp = Zzp (¢1, v, Z”, ﬁ, KK)

where X, Y,,, Z,, are the Cartesian coordinates of the system associated with the
design center distance such that the axle O,,, Z,, coincides with the direction of the
geometric axis of the gear and the axis O,, X5, n Oy, Y, located in the base end
plane.

A, is the 24-component vector of reduced primary errors.
II is the vector nominal geometric parameter of the MFTP system.
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A is the vector that takes into account the parameter increments in order to control
the accuracy by the above methods.

From (19.32), one can obtain the equations for the nominal surfaces of the teeth
by setting A, =0 and Agx =0:

X2H :XQH(¢],W, ﬁ), Y2H2Y2H(¢l,l//, ﬁ), ZZH :Z2H(¢],ll/, ﬁ) (1033)

Based on Egs. (10.32) and (10.33), the increment coordinates AX,,, AY,,, and
AZ,, of the real profiles are calculated in relation to the nominal:

AX2p=X2p7X2H; AY2p=Y2[, — YZH; AZ21;:ZZp722H~ (1034)

Being aware of (10.34), one can proceed to determining the relationship between
these increments and the normalized errors of the gears.

However, before doing this, we will note the features of the obtained equations of
real tooth profiles.

The features, in addition to generality, will include the following:

» Accounting for precision control in all possible ways, the total set of which has
cardinality equal to three

» Dependence on the full set of reduced primary errors, the cardinality of which
is 24

» Taking into account the functional nature of the given errors (i.e., the approach to
considering the formation of errors as a process and not as a phenomenon)

* Nonlinearity of the equations obtained, which excludes the application of the
principle of independence of the action of primary errors and agrees with the
results obtained in the nonlinear theory of the accuracy of mechanisms

* Taking into account the simultaneous impact of all factors and not each sepa-
rately, and the ability to take into account the correlation of error modules

These features allow one to proceed to the consideration of qualitatively new
problems in the theory of the accuracy of gears:

* Development of methods for optimal accuracy assurance of any kind of gear

* Development of methods for predicting the accuracy of gears at any stage of
production with the required forecast reliability

» Creation of systems for optimal regulation of the accuracy of the elements of an
MFTP system: machine tools, fixtures, tools, and blanks of machined gears

 Identifying methods for diagnosing the accuracy parameters of the elements of an
MFTP system

» Systematic presentation of the theory of control over the accuracy of gears (and
other details) on the basis of the revealed methods of compensatory control of
system errors
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» Systematization of research in the field of accuracy of gears by replacing the study
of the entire set of specific errors (more than 200 [4]) with a one-time study of the
24 given primary errors and the extension of the results obtained for all specific
cases

» Synthesis of real engagement with given quality indices, taking into account
possible engagement errors and others

Most of these tasks will be discussed below.

10.2.1.2 Establishing the Relationship Between Coordinate Increments
and Standardized Accuracy Indicators of Gears

The solution to this problem can be obtained in several ways. The difference
between the methods lies in the choice of the base accuracy indicator, which, on
the one hand, is connected by certain dependencies with the increment of the radius
vector

A?zp = Asz; + AY2pj + AZZpE,

and, on the other hand, with standardized values for the accuracy of the teething.

There are four known ways to identify these dependencies. The first one provides
a direct calculation of standardized accuracy indicators by increments of the radius
vector A7y, [4]. The second one is based on the use of the increment of the line of
action AF [36], the third one is based on the use of the “increment of the radius of
curvature” Apg [2], and the fourth one is based on the arc deviation Ag [13, 39].

To ensure the effective use of the already developed dependencies applying each
of the named indicators, we will find the relationship between these indicators, based
on the definitions introduced in the studies by Alikulov [2], Khlus and Ternyuk, [13],
and Taits [36].

The nature of the increment AF of the line of action is illustrated in Fig. 10.8,
where index 1 denotes the real gear, index 2 is the measuring (reference), and L-L is
the line of action.

Fig. 10.8 Scheme for
identifying the line of action
increment
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Fig. 10.9 Scheme for //’
identifying the “curvature DP% \
radius increment” ~ A\

T T

A bl | A

Fig. 10.10 Scheme for identifying arc deviation

In the study by Alikulov [2], the parameter “increment of the radius of curvature”
actually represents the deviation of the point of the real profile from the nominal one
in the direction of the normal N-N (Fig. 10.9) to the nominal profile.

The arc deviation Ag (Fig. 10.10) means the distance measured along the arc of a
circle radius r, in the considered end plane A—A of the gear at a distance Z, from the
origin (base), enclosed between the points of intersection of this circle with the actual
(solid line) and nominal (contour line) tooth profiles [13].

Considering that the contact of surfaces is always carried out at the point through
the common normal, the following relationship between AF and Apg can be written:

AF = max {Apg}cosé, (10.35)
or for flat gearing:
AF = max {Apk}, (10.36)

where ¢ is the angle between the normal to the nominal profile and the end plane and
the effective (maximum within the limits of the contact line bN) value Apg is marked
with a sign max .
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Based on the consideration of the directions of the increment of the line of action
and arc deviation, an extreme nature of AF, and taking into account the smallness of
the error moduli, it is possible to write:

AF = max {Ag} sin&; cosé, (10.37)

where £ is the angle between the normal and the direction of the radius vector at the
point under consideration.
Similarly, taking into account (10.35), we obtain:

Apy =Agcosa, (10.38)

The presence of extrema in (10.35), (10.36), (10.37), and (10.38) does not allow
establishing a single-value inverse function among Apg, Ag, and AF.

A relationship between Ag and A7, can be established on the basis of Fig. 10.11,
where it is indicated that M is a point on the nominal profile, for which the arc
deviation is identified as Ag, and T— is the tangent to the actual (real) profile at point
K (x + Axyp; ¥2 + Ayyp,). The designations of the remaining quantities can be seen in
the figure.

A A
T
M, 4
Ay,
= 2p ’ -~
K . ”~
/ s
;_rx' M
/
/ V4
(3 f /
;/ 7 Ax—’ﬁ’
/ 7
.f’f
.-"!
.f'/
.-";
.f';
.f'f ‘\-@
/ \ -
0, ¥

Fig. 10.11 Scheme for identifying the relationship of the arc deviation with the increment of the
radius vector
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Projecting both Ax,, and Ay,, on the direction MM, and calculating the actual
length MM, taking into account the smallness of the errors, we write:

Ag = Ay,, cos f — Axyp sin f + (Ayzp sin # 4+ Axy, cos ﬂ) sin(f—y), (10.39)

d ( Yo +AY ) dy
Yo . _ 2HT ™))~ YoH
= arct, =arct == arct; .
g v g d(X2H+sz,,) & do

Xon’

The obtained expressions (10.35), (10.36), (10.37), (10.38) and (10.39) make
automating one of the stages of calculating (predicting) errors possible, since, if they
are available, it is possible to calculate errors on a computer using the general
equations of real tooth profiles as well as the information about the place of an
error occurrence on a real profile.

All the information necessary for the machine calculation of normalized errors
can be obtained by presenting the accuracy indicators discussed above in a form that
would reflect not only the value of the error modulus but also the coordinates of its
application.

One of these types can be quaternionic [14]:

yan+Ayy,
where = arctg%—Aiz‘ =
) 2p

V(A) = A + xoi + yopj + 2uk. (10.40)

In (10.40), it is considered A = AF U Apg U Ag. In the quaternionic represen-
tation of errors, information about gear errors can be described by the matrices

Ay Xomii Yami  ZeHl

~ A X 1 i Z 1
M(V)': 2i  X2H2i  Yom2, 2H21’ i:{L,R} (10.41)

Api XoHW  Yopwi  Z2Hni

The degree of discreteness in the presentation of information is determined by the
required accuracy of calculating the errors. Performing the necessary actions on the
components of the matrices M (V);, one can calculate any of the standardized
accuracy indicators.

We will provide several examples so that one can identify the structure of the
calculation formulas and, in terms of the structure, proceed to considering the laws of
error distribution.

Let us calculate, using arc deviations, the values of the greatest kinematic error,
profile error, tooth direction error, and tooth thickness deviation along a constant
chord, thus covering all groups of accuracy indicators (norms). Based on the
definition of a kinematic error and the previously given definition of an arc deviation,
we find:

Ap=Ag <27, (10.42)

Tp

where A¢ is the kinematic error.
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rp 1s the radius of the base circle of the gear.
a is the pressure angle.

Consequently, the largest kinematic error of the gear is:

Fi.=AQma — Aoy = rl[max (Agcosa) — min (Agcosa)], 0<¢<2x.
b

(10.43)
Similarly, we obtain other normalized accuracy indicators:
f4= max (Agcosa) — min (Agcosa), A7, <P <Aty (10.44)
Fy= max (Ag) — min (Ag), ¢ = const; (10.45)
_ Ag—Agg
Ace = cosa (10.46)

The above mentioned equations show the presence of an unambiguous relation-
ship between Ag and standardized accuracy indicators. Consequently, there is a
functional relationship and other reduced errors with the normalized indicators of
accuracy [13].

Thus, the calculation of the numerical values of the actual errors at each point of
the gear and the normalized errors according to dependencies of the form (10.42),
(10.43), (10.44), (10.45), and (10.46) can be performed if the actual values of the
radius vector A7, are known in order to determine the values of the matrices M V),
and, from them, the required errors.

The actual values of the radius vector A7r,, based on the general Egs. (10.23),
(10.24), (10.25), (10.26), (10.27), (10.28), and (10.29) can be calculated only if the
methods for determining the reduced primary errors and other parameters included
in the matrices MH, MAH, MM, MA2, and MAK and the radius vectors 7y, AFy;, and
A7 g are known.

Information support, when searching for elements of the specified matrices and
radius vectors, is determined by the nature of the problem being solved as well as by
the types of matrices and radius vectors.

Matrix My elements are determined by known methods [16] by assigning
parameters y, a,,, ¥,, and y_ particular values corresponding to specific gear cutting
schemes. For example, for the hobbing and broaching processes, the matrix My
elements are as follows:

1 0 0 0 1 0 0 O
~ 0 cosy —siny O ~ 01 0 O
My = . 5 Mye) = ,
0 siny cosy k¢, 0 0 1 y
0 o0 0 1 0 0 0 1

where y = const, a,, = const, and k = const.
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The values of the radius vector 75 can be determined by the well-known methods
of analytical geometry or mapping methods [21, 22] as the values of the radius
vector of the nominal surface (line) of the tool — in the event that the main donation
(i.e., movement with cutting speed) is carried out by changing one or more param-
eters from y, a,, Wy, ., ¢1, and ¢, — and as the values of the radius vector of the
envelope of the cutting edges with the parameter defining the main ghost otherwise.

The elements depending on the reduced primary errors can be found in several
ways, depending on the methods for determining the numerical values of the reduced
errors, considered as functions.

10.2.1.3 Methods for Determining the Numerical Values
of the Functions of Reduced Primary Errors

The given errors included in the matrices M AH> M A1, and M ax and the increments of
the radius vectors A7j; and A7,y are geometric objects caused by various factors.
Therefore, the methods for their determination can be:

(a) Geometric objects that appear on the geometry of the gear — the method of direct
measurements and the method of geometric diagnostics.

(b) Objects caused by various factors and having certain connections with these
factors (in accordance with the model shown in Fig. 10.1) — based on the results
of controlling the parameters of the factors with their subsequent calculation
according to the dependencies between the parameters of the factors and the
given primary errors — according to the results of the forecast of the parameters
of the factors affecting the accuracy of processing, with the subsequent calcula-
tion of the reduced primary errors.

Let us take a look at these methods.

Direct measurement method

The direct measurement method includes determining the numerical values of the
reduced primary errors using special or universal instruments for linear and angular
measurements. Its advantage lies in its ability to obtain information with high
accuracy. Serious disadvantages of the method are the following: the need to stop
the processing process, the need to use a large number of special devices, and the
complexity of measurement automation.

The most expedient area of application of this method is considered as the control
of the given primary errors in the processes in which the shaping is carried out by a
limited number of fixed points on the tool surface.

Diagnostic Method

The derivation of the general equations of real tooth profiles in Sect. 10.2.1.1 made
formulating and solving, in general, the problem of obtaining information about the
given primary errors by diagnostics based on the results of monitoring the processed
gear possible.
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The advantages of the diagnostic methods are the following: they do not require
stopping the production process, have high productivity, and require the use of only
one gear measuring device, which can be quite versatile.

It is known that the solution of any identification problem, to which the consid-
ered diagnostic problem also belongs, presupposes setting the structure of equations
describing the phenomenon under consideration and then determining the parame-
ters of these equations.

Since Egs. (10.23), (10.24), (10.25), (10.26), (10.27), (10.28), and (10.29) are
general and describe the process of occurrence of errors on the profiles of the teeth of
a machined gear, depending on the values of the given primary errors, they are the
necessary basis for solving the first and second stages of the identification problem.

The problem of diagnosing the abovementioned primary errors is always solved
for a specific gear cutting machine and tool.

Therefore, the matrices M H, I\N/IZH, and M w1 and also the radius vectors 71y and
7op are known. As a result of monitoring the machined gear, arc deviations or
increments of the radius of curvature are determined at different points of the gear,
i.e., matrices of the form (10.41) are also known.

The unknown are the components of the matrices M AH > M A1, and M A2 and the
components of the increments of the radius vectors A7j; and Ar,yr — a total of
24 functions of the envelope parameters. In some cases, when controlling a gear, it is
removed from the machine, its angular position relative to the selected coordinate
systems is not fixed, and one more angular parameter is added to these 24 functions —
the initial phase of the gear rotation angle.

The aforementioned determines the formulation of a diagnostic problem. The
methodology for its solution is based on the following:

Without limiting the generality of the statement of the problem, we can assume
that information about Ag or Apgx can be obtained from the points that have
undergone processing. In addition, measurements Ag or Apg can be made at the
points of actual tangency of the real polyline, obtained by a limited number of
cutting edges of the tool, with the envelope of these cut marks. Therefore, operator
(10.22) can be ignored when specifying the structure of the equations of the
diagnostic process.

Taking this into account, the initial equations describing the structure of the
model of the occurrence of errors can be written in the following forms:

Fap =M (Fai — AFayr): (10.47)

?Zi:MZHFIi; (1048)

(5 Gr) (g Gl ) o (10.49)
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(aar: < 587‘11') (MZHI algl_wm . 7“) —0: (10.50)
Msy=Moy - Map - My - Muy - Mag -Ma1; Mag =E; (10.51)
71 =Ty + ATy, (10.52)

Let us presume:
Ma;=E + AMy,, (10.53)

where E is the unit matrix and AM Ai 1S a matrix, all elements of which are equal to
the corresponding elements of the matrix M Ai» except for the diagonal ones, which
are equal to zero.

Taking (10.53), with the possibility of neglecting the terms of the second order of
smallness, into account, we transform matrix (10.51) to the form:

MEH:MZH(E‘I‘AMAH) My - M (E+AMA1) =
=My - My - Mgy + Moy - My - My, - AM sy + Moy - AMag - My - My =
=Mspo+Msno - AMa1 +Mog - AMay - My - Mpy;.
(10.54)

Here, 1\~/IZHO is the nominal value of the matrix MZH.
Taking into account (10.52) and (10.54), the expression for the calculation of
(10.48), also up to small second-order smallness, can be written as:

T2 = Mspo - Fin + Msgo - AM sy - Fr + Moy - AM g - My - Mgy - Frg + Mg - ATy =
=7og +Mspo - AMay - Tig +May - AMay - My - My - 71 + Msgo - A7y;.
(10.55)

As a result, we obtain (10.47) in the form

Top= Ton +Mspo - AMa1 Ty + Moy - AMay - My - My - T1p (10.56)
+ Mspo - A1+ AMps - Fin — ATayr.

To reveal the constraint Eqgs. (10.49) and (10.50), at the first stage, we find
intermediate expressions for calculating the partial derivatives using dependence
(10.55).

Considering that the given primary errors, reflecting the violation of the shaping
movement, in the general case, are functions of the envelope parameters, and the
given primary errors of the instrumental surface also depend on the coordinates of
this surface, after differentiation, we get the following:
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672,' 6721_1 ~ 8A1\71A1 _ 8A~/IZH0
= + : . +

0, 0y g, T oy

0(Mp - My - Fi) Ny OAM py

-AMy; - Fig +

+ Moy - AM pp - 39 2H 34 2 My - My, T+
1 1
oMoy ~ ~ o~ OMsno - _ 0P
“AMp; - My - My, - - AT K;
+ 30, Al My -Mpy - Tig + 39, ~ ¢, +
(10.57)
872' 872[.1 ~ 8AA7IA1 _ 81\712110
L +MZH0' 'r1H+ 'AMAl'r1H+
~ ~ 0 MH-M;” -T1H ~ 0AM ~ ~
+ Moy - AM ppy - ( » )—I—MzH'TAH'MH'MHl"’lH‘f’
Mo o & oM CLET
+—2H‘AMA1'MH‘MH1‘71H+ 2H0~A7“: 20 +L;
Oy oy Oy
(10.58)
ory  oF LAY VRN vINR VI VIl
S = M Mypo - AMay - 2 Moy - AMag - My - My - =2
du — u T S ou ou (10.59)
+ Msgo - LTy Oz +M;
ou ou
0Fy  OF o7y v, OT
fai _ OhoH + Mo - AMay - 52+ Moy - AMay - My - My, - o
ov v T T oV (10.60)
+ My - arh = ng +N.
v %

The constraint equations in the coordinate system S>{X5, Y»,Z,} are as follows:

872 al‘z arz .
0F, _ 072\ 072
<au * av> 51// 0. (1062)

Substituting the expressions for the partial derivatives from (10.57) to (10.62) in
these equations, we obtain:

572[.1 7\ x 572[-1 - 672H 7z _n.

K 3 +M> < 3 +N)} <a¢1 +K)O, (10.63)
8721-1 77 ) x 572[.1 — 872H A

[( o +M) ( 3 +N):| < al/I +L) =0. (10.64)

Making transformations of (10.63) and (10.64) and taking into account that
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(asz « 8721.1) 572].] —0

Oou ov ) 0¢p,
872[-] « 872[.1 8721.] —0
Ou ov | Oy ’
we obtain
a7zy — 872[.] — 872]-] al_’zy _— = 572[.[ 872].1 872[.1 =
xN - M x . MXxN - X K
Ju 26, M oy g, T 26,  ou  ov T
O  ~ = — 0P =  — — =
L9 N R Mx PH R LM N-K=0;
ou ov
(10.65)
anZH — 572H — 8721-1 87211 [ — 57211 87211 8721{ —
N - M x . MXN - X . L
du oy + ov Oy + oy + Ou ov
O — + —_ 0Ty + — — =+
+a—><N-L+M>< -L+MxN-L=0.
u y
(10.66)
In the above equations,
=~ OAMy, _ OMsno =~ -
K = Msp - 220741 CAMay -
SHO 30, rig+ 30, Al - T1H+
- ~ O(My - My, -7 ~  OAMay ~ ~
+ My - AMpp - ( o 1H) + Moy - =22 My - My, -7+
0, 0,
oM ~ o~ o oM _
+ a¢21H'AMA1 "My - Mgy - Ty + a;fm'Arli;
(10.67)
- - OAMy, oM ~
L=Msp - 3 Al'rlH‘i‘%'AMAl'rlH"f'
W W
- ~ O(My - My, -7 ~ AMay ~ ~
+ Moy - AMap - ( f 3 m - Tin) +M2H'%'MH'MH1 “FiH +
w W
oM ~ ~ o~ oM _
+ 2 AMpy My - My T+ 20 AT
oy Oy
(10.68)
or ~ ~  0OF ~ O0AF
M =Msgo - AMay +Moy - AMay -Mp - M 8—;H+MZH0 8u“’
(10.69)
87 arlH aArll

N =Msno - AMa, a—LH + Moy - AMag - My - My, 3y + Mo - 3y
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The Egs. (10.65), (10.66), (10.67), (10.68), (10.69), and (10.70) are nonlinear and
do not allow finding a solution to the diagnostic problem in an explicit form.
Therefore, the method of approximate solution can be applied, which consists of
the following:

Earlier it was indicated that, due to the dependence of forces, kinematic param-
eters, temperatures, wear, etc. on the values of the envelope parameters, the given
primary errors are considered as their functions. Therefore, the following dependen-
cies are accepted:

Ady=Adi(h1, w); A¢yi = A¢yi(¢17 w); Ag, = A¢zi(¢l7 w); (10.71)

AX;=AXi(¢1. y); AYi=AYi(d.y); AZ=AZi(d:. ).

Considering the relationship between the parameters, ¢, v and u, v, similarly,
one can write:

Aryg =Arg(u, v);  Ary =Ary(u, v);  Arg =Ar;(u, v);
Aroyr = Arayr (¢, w);  Aryyr = Aroyr(dr, w);  Arayr = Arayr(dy, w).
(10.72)

The expressions for the functions (10.71) and (10.72) are unknown. Therefore,
they must be approximated either by polynomials or the Fourier series. Experience
shows that it is advisable to approximate the expressions for calculating the incre-
ments of the angles of rotation by the Fourier series and the increments of linear
displacements by power polynomials.

The degree of the polynomial and the number of Fourier series are set proceeding
from the fact that the total number of functions of the reduced primary errors to be
identified is 24. Therefore, taking into account the phase uncertainty of the measured
errors in matrix (10.41) as well as the fact that the degree of the polynomial or the
number of terms of the Fourier series cannot be more than the number N of points
over which the approximation is performed, one can get the upper bounds:

N
ngﬂ—l. (10.73)
The lower limit is 1, so
n>1. (10.74)

It should be noted that the modern theory of the accuracy of gears considers the
parameters of the primary errors as constants, i.e., as a special case of (10.73) and
(10.74), which corresponds to n = 1 for polynomials and to n = 3 for the Fourier
series.

Thus, choosing n on the basis of the indicated constraints and expanding
Egs. (10.56), (10.65), and (10.66) into a coordinate form, after finding the partial
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derivatives of the approximating functions and substituting them in (10.65) and
(10.66), we obtain a system of scalar equations with unknown coefficients of poly-
nomials and Fourier series.

Based on this system, for example, by the least squares method [14, 25], it is
possible to establish the values of the unknown coefficients of the approximating
functions.

In future, each function of the primary error can be decomposed into components:
geometric, kinematic, power, temperature, and wear. This is explained by the fact
that four out of five components of the total error can be predicted (forecast methods
will be discussed below). The fifth term is defined as the difference between the total
error and the four terms.

Based on the aforementioned, the general algorithm for solving the problem of
diagnosing the accuracy of the elements of an MFTP system based on the results of
monitoring a processed gear is shown in Fig. 10.12.

The algorithm is presented in an iterative form, which provides an increase in the
accuracy of determining the functions of the given primary errors and can be
implemented on a computer.

Devices that provide initial data for the implementation of the algorithm can
operate both by the rolling method and by other methods arising from possible
technological impact schemes. They are constructed proceeding from the provision
of obtaining the information described by matrix (10.45).

A diagram of a device that provides the necessary information for solving the
diagnostic problem (working by the run-in method) is shown in Fig. 10.13.

Data entry on:

1. Machine: 1.1 structure of movements; 1.2 parameters of movements; 1.3
strength, thermal, inertial-mass and damping parameters;

2. Fixture: 2.1 basing scheme; 2.2 parameters of base surfaces; 2.3 stiffness,
inertial-mass and damping parameters;

3. Tools: 3.1 equations structure; 3.2 surface parameters; 3.3 strength, thermal,
inertial-mass and damping parameters;

: workpiece geometry; 4.2 strength, thermal, inertial mass and damping
ers; 4.3 control results;

5. Required identification accuracy
Formation of the structure of equations of real tooth profiles
Solving equations for A,;...A;,

Formation of functions of the reduced primary errors ‘

Highlighting the reduced errors of the machine, fixture, tools and part

Fig. 10.12 Algorithm for solving the diagnosis of the accuracy of the elements of an MFTP system
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RD 1 MD HH Device

a b ¢

Fig. 10.13 Diagram of a diagnostic device that works by the run-in method

The device contains a frame on which adjustable axles are manteled for installing
two measuring gears 1 and 2 as well as for installing controlled gear 3.

Measuring gears 1 and 2 are integral (Fig. 10.13b). They consist of coaxially
mounted blocks with the possibility of angular displacement of thin toothed discs,
the number of which is more than two.

In the process of testing, each disc must contact controlled gear 3. Therefore, each
disc of the measuring gears, except the one on each gear, is spring-loaded in the
direction of rotation. The non-spring-loaded discs are rigidly connected to the hubs.

During control, one of the measuring gears is the driving one and the other is the
driven one. This ensures the engagement of the measuring gears with the opposite
profiles of the teeth of the controlled gear. The possibility of angular displacement of
the gear disks of the measuring gears relative to each other ensures the control of the
error functions in different axial sections, which corresponds to different rows of
matrix (10.41).

By attaching one of the toothed discs to the hub on each measuring gear, a
rotation transmission and a single measurement base are provided for each disc. The
toothed discs are equipped with sensors 4 and 5 with mutual angular displacement.
In addition, the device provides sensors 6 and 7 for measuring the angles of rotation
of the driving toothed disk of gear 1 and the driven toothed disk of gear 2 as well as
sensor 8 for measuring the angle of rotation of the controlled gear. For receiving,
converting, and analyzing signals from sensors, there is multichannel electronic
device 9 and recording device 10. By comparing the signals of sensors 6 and
8, the single-profile kinematic error of the left tooth profiles and by comparing the
signals of sensors 7 and 8, the single-profile kinematic error of the right tooth profiles
are estimated.

The one-profile kinematic error is divided into two components — radial and
tangential. For this, the tangential component obtained by comparing the signals
from sensors 6 and 7 is vectorially subtracted from the total kinematic error. The
difference between the signals from sensors 6 and 7 is proportional to the tangential
component of the total kinematic error if the angle between the center transmission
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Fig. 10.14 Diagram of a device for diagnosing errors in an MFTP system, working in a discrete-
contact way

lines formed by the measuring gears with the controlled gear is equal to the doubled
angle of engagement in these gears. This was proved earlier in the studies by
Ternyuk [38] and Ternyuk and Khlus [43].

The advantages of a device made according to this scheme include the following:
the ability to obtain all the necessary information in one cycle of the gear control; the
possibility of readjustment (versatility); the possibility of building on the basis of
commercially available kinematometers.

Another example of a device for diagnosing errors in an MFTP system is the one
shown in Fig. 10.14.

The device implements a scheme of technological influence with a class
K=06-2-3 -1, which is the most productive when controlling a gear. The point
measurement method allows to directly determine the values of the errors included in
matrix (10.41).

The device contains annular housing 1, mounting and clamping device 2 with
drive 3, made, for example, in the form of a power cylinder with a rod, recording
device 4, and composite measuring gear 5. This gear is equipped with gear blocks
6 and 7 with plates of the right and left profiles teeth. The blocks are installed with
the possibility of angular displacement around the axis of adjusting clamping device
2. The shape of the plates is congruent with the profiles of the teeth of the controlled
gear. However, this requirement is not mandatory since the placement of the sensors
on plates of other shapes is also possible. Sensor 8 is evenly spaced on the active
surface of the tooth. It has linear characteristics and can be capacitive, inductive,
strain gauge, etc. The outputs of the sensors are connected by conductor 9 to switch
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10 connected to computing device 11 containing a program input unit and connected
to recording device 4. If necessary, between the switch and the computing device,
converters and amplifiers can be turned on to match the characteristics of the system.

The mechanism for orientation of the controlled gear is fixed on the body, which
can be made, for example, in the form of two plates 13 with grooves for the passage
and direction of the controlled gear.

For the angular displacement of the gear blocks, in order to adjust the width of the
cavity of the composite measuring gear and, thereby, install the blocks in the
working and loading (nonworking) positions, drive 14 for the angular displacement
of these blocks is provided, which is made, for example, in the form of a simple cam
mechanism containing wedge-shaped plates — cams 15 and 16 (Fig. 10.14) —
interacting by means of lever 17 with drive 3 of setting clamping device 2.

On the body, there are stops 18 for fixing the toothed blocks in the nominal
(reference, working) position.

To automate the removal of a controlled gear, the device can be equipped with
ejectors. Switch 10 can be configured as single-row or multi-row (Fig. 10.14). The
switch contains contacts located along the annular perimeter, connected by means of
conductors with linear displacement transducer 8 and a slider installed coaxially with
the ring with contact elements, equipped with a rotation drive. The slider is
connected to computing device 11 by conductors pointed in the figure by arrows.

A single-row commutator allows entering information about errors at various
points of the controlled gear sequentially, which is necessary if a single-input
computing device is used, and a multi-row one is parallel-sequential. This provides
the use of a multi-input computing device and an increase in the speed of the device.

The highest productivity of the device is achieved when each sensor 5 is
connected to its own input of the computing device. In this case, switch 10 has the
structure of a conventional interface device.

The device works as follows:

All sensors are preliminarily adjusted to a zero signal either by the reference gear
or by a special template. Then, the gear to be inspected is set and fixed on the setting
jig. After that, the drive is switched on and the angular displacement of the toothed
discs is made until they stop in special projections (basic position). This ensures
contact of the sensors with the surfaces of the teeth and the pickup of signals from
them through the commutator to the computing device. According to the program
entered from block 12, the computing device calculates the necessary coefficients of
the approximating functions of the primary reduced errors and takes further actions
to identify errors in accordance with the algorithm shown in Fig. 10.12. The results
obtained are recorded by device 4.

The advantages of the device include its high performance. The disadvantage is
its low versatility.

It is obvious that it is possible to use other diagnostic devices to implement other
classes of technological impact schemes.

The main advantages of the diagnostic method are the abovementioned high
productivity, the possibility of automation, and the ability to control without
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stopping the production process of the next gear. However, it cannot be directly
carried out at the time of processing, which makes it difficult to use it in adaptive
precision devices.

The factorial method is devoid of this disadvantage.

Factorial Method

In accordance with the developed model of the occurrence and accounting of gear
errors (Fig. 10.1), the values of the primary errors are the result of the influence of
strictly defined factors. This serves as the basis for the development of a factorial
method for assessing the values of the reduced primary errors. To develop a method,
it is necessary to determine the relationship between the parameters characterizing
the factors and the values of the reduced primary errors and then to establish possible
methods for assessing these parameters for various processes.

Determination of the dependencies between the parameters of the factors and the
given primary errors, like any other dependencies of the functional type, can be
carried out using two approaches:

* By conducting experiments
* By modeling (analytically)

The establishment of dependencies by conducting experiments, including
methods based on the rational planning of experiments, is described in detail in
the literature [1, 9]. Experimental methods can be used to establish all the necessary
dependencies. However, the disadvantage of these methods is the need for experi-
mentation. In addition, the results obtained can only be applied under conditions in
which the experiments were performed, i.e., they have a limited scope.

An analytical approach is free from these drawbacks. Appropriate models are
required for its application. The fundamental approach to the construction of models
was developed by Prof. B.M. Bazrov [3].

When applied to the problem under consideration, the use of analytical models
can be provided as follows:

Let us represent the ith given primary error as an additive function:

Ai= Xn:fz:i(ﬁj)’ (10.75)

j=1

where f;; is the function of the influence of the jth factor on the —th reduced primary
error; ﬁj is the vector of parameters of the jth factor; and » is the number of factors.

In accordance with the general model of the occurrence and accounting of errors
(Fig. 10.1) when processing gears, the disturbing factors can be geometric inaccu-
racies, the parameters of which are the vector I, of geometric deviations of the
MFTP system’s elements; kinematic deviations, characterized by deviations of
speeds AV and trajectories from their nominal values; temperature errors, the

parameters of which are temperatures 7° at various points of the MFTP system;
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elastic deformations AY,as a result of the impact of forces P; wear, characterized by
the parameters of its distribution on the elements of the MFTP system; and internal
stresses, characterized by the tensors of their components.

Considering that internal stresses, as a destabilizing factor, can be removed by
98% or more by appropriate heat treatment, which is always carried out in the
processing of high-quality gears [9], the component of the reduced primary errors
caused by residual internal stresses, due to its small absolute value, is excluded from
consideration.

Taking this into account, we obtain n = 5, and dependence (10.75) is transformed
to the form:

Ai=f,(Ty) + f1(AVi) +£,(T:) + £ (Pr) + £, (W), (10.76)

The indices “g,” “k,” “t,” “f,” and “w“in (10.76) denote the functions of the
influence of geometric inaccuracies, kinematic errors, temperature factor, forces, and
wear, respectively.

Considering the MFTP system as a common mechanism, the influence of the
vector [T, on A; can be determined in a general matrix way [24]:

{Ai}=M; -T0, (10.77)

where M i 1s the matrix of the influence of the parameters of geometric inaccuracies
on the primary errors of the MFTP system, the elements of which reflect the
geometric interaction of mechanisms, aggregates, and system parts. Methods for
compiling the matrix M ;j are described in the study by Portman [24].

The type and parameters of the function f, (AV;) can be found by considering the
MFTP system as a mechanical system with many masses, moving under the influ-
ence of time-varying forces. The main issues of the influence of kinematic factors on
the arising errors in the processing of gears under conditions of free rolling,
including those with attached masses, are discussed in detail in the works of
Prof. Yu. N. Sukhorukov [33, 34]. Based on these works, it is possible to write, in
a general form, a matrix differential equation of the second order, which makes it
possible to determine the influence of kinematic factors (AV) on each of the given
primary errors:

mV + AV +s=F, (10.78)

where

m is the mass matrix of the MFTP system.
V is the acceleration matrix.

AV is the velocity matrix.

s is the matrix of displacements.

7 is the matrix of damping coefficients.
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¢ is the stiffness matrix.
F is the matrix of acting forces.

System (10.78) can be solved by determining it for a specific MFTP system, as a
rule, only by numerical methods.

There are many heat sources operating in an MFTP system: the cutting process,
friction units, etc. Therefore, its temperature field is not uniform, but it is character-
ized by different temperatures at different points.

Having chosen the characteristic points within the dimensional chain, including
the jth primary error, the influence of the temperature factor on the given primary
errors can be determined based on the model of thermal expansion of bodies:

m P
Ay = Z aili(T; — To) — Z ail; (Tj - To), (10.79)

i=1 i=1

where

l;is the length of the ith section of the MFTP system’s dimensional chain, which has
a temperature 7;.

ay; is the coefficient of linear expansion.

T, is the temperature baseline at which temperature errors are assumed to be zero
(usually Ty = 20 ° C).

m is the number of increasing links of the dimensional chain.

p is the number of reducing links of the dimensional chain.

The influence of forces on the reduced primary errors can be determined on the
basis of matrix Eq. (10.78) by solving it and establishing dependencies of the form:

Ap=Piy cl (10.80)

i=1 "'

In other words, Eq. (10.80) from the general solution of Eq. (10.78) includes the
terms containing the compliance coefficients of the elements of the MFTP system.

The impact of wear on these primary factors can be assessed in two ways: direct
and indirect.

In direct assessment, the wear at the ith point of the jth element of the MFTP
system can be considered as a common geometric inaccuracy and its effect on the
reduced primary error in this case is described by Eq. (10.77).

The indirect evaluation system is based on the established fact that the amount of
wear is closely correlated with forces, temperatures, vibrations [18], and the duration
of their exposure.

With this approach, the effect of wear on the given primary errors can be reflected
as follows:
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t
=aP! + bT} + cM; wi:/(ap?+bT§+cM;')dt (10.81)
0

dW,'
dt

where

a, b, and c are the coefficients.

q, I, and s are the indicators of the degree of influence of forces, temperatures, and
vibration level on the amount of wear at the ith point of the system, respectively.

M, is the level of vibrations at the ith point of the system.

Thus, knowing the parameters of the factors, according to Egs. (10.79), (10.80),
and (10.81), detailed for each specific MFTP system, it is possible to calculate the
given primary errors and, from them, the directly normalized errors of gears. Factors,
in turn, can be either measured or calculated (predicted). Measurement of factor
parameters can be carried out by well-established traditional methods:

* Geometric inaccuracies — devices for linear and angular measurements

» Kinematic inaccuracies — kinematometers

* Temperature parameters — temperature sensors

» Parameters of forces — dynamometers

*  Wear —devices for linear and angular measurements for direct methods of control
and devices for measurement of the level of vibrations, thermometers, and
dynamometers (strain gauges, inductive, etc.) for indirect control methods

The advantage of the factor parameter measuring method is the possibility of
implementation in the processing, which is an important prerequisite for creation of
adaptive accuracy control systems. The disadvantage is the difficulty of controlling
geometric inaccuracies due to their large number. However, this shortcoming can be
overcome by taking into account the important property of individual components of
errors — systematic — to retain their values for a sufficiently long time (i.e., to
maintain stability over time).

The obtained results allow one to proceed to the consideration of methods of
analytical error forecasting.

10.2.2 Methods of Analytical Forecasting of Normalized
Errors of Gears

Methods of analytical forecasting of normalized errors of gears are used for the
calculation of a range of errors of a certain kind (10.1) or for the calculation of values
of actual errors with a set degree of reliability.

Therefore, the main prerequisite for their implementation is to obtain dependen-
cies of form (10.1) and dependencies that allow calculating the values of actual
errors with the required degree of reliability.
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Of all the possible formulations of analytical error forecasting, we single out and
solve the two most general formulations, which consist of developing error fore-
casting techniques for the case of taking into account all possible sources of errors in
forecasting error scattering ranges (calculation-probability method and adaptive
errors).

10.2.2.1 Calculation-Probability Method

Based on the analysis of the dependencies of types (10.43), (10.44), (10.45), and
(10.46) [13], we can establish that the whole set of indicators of the accuracy of gears
is divided into two groups. The first one includes indicators that take into account the
direction of deviation from the face value with its sign, for example, indicators of
lateral clearance, known as step deviation. The second one includes the indicators
considered without their sign and defined as the module of a difference of extreme
values.

Accordingly, one can write the following general dependencies to determine the
indicators:

(a) The first group:

* Current value
HII, = (U;AK; 4+ U;AK;); (10.82)
* Limit (normalized) value

[HIL], = (U;AK; + U;AK;)extremum; (10.83)

(b) The second group:

e Current value
HI, = (U,AK; — U;AK;); (10.84)
* Limit (normalized) value

[HIL,,], = (U;AK; — U;AK;)extremum; (10.85)

where
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AKij) =V (A) Q) V(A) Q) ... R V(A (10.86)

Ui j is the transfer coefficient of influence AK( ;) on the normalized accuracy index,
determined in a similar manner as (10.43), (10.44), (10.45), and (10.46).
Q) is the sign of multiplication of quaternions [14].

Based on the properties of the compositions of the laws of error distribution [42]
and taking into account the obtained expressions (10.83) and (10.85) and the fact that
AK;j, depends on the 24 primary errors, each of which is a function of 5 groups of
parameters, we can say, on the basis of the limit theorems of probability theory [25],
that the values HII, and HIT,, will be distributed according to Gauss’s laws (shifted)
and the modulus of difference (also shifted due to the presence of time constant —
systematic — components).

Thus, we can write:

o 1 (HI =g

q(HIT)) = o V2e exp [ 3 (61 ) ], (10.87)
_HIL, 1 (HIL, — &\’

g(HIL,) = s [— 5 (7@ 2) ] (10.88)

where

q is the density of distribution.
£ and &, are the mathematical expectations.
o1 and o, are the variances of the considered quantities.

Expressions for calculating mathematical expectations and variances, established
by taking into account the correlation of error modules, have the form:

& =M(U;AK;) + M(U;AK;); (10.89)
& =M(U,AK;) — M(U;AK;); (10.90)
1= \/G%liAKi + 0%/,-AK_,- + 2Py, ak,0,0K,0U,AK OU AK; (10.91)
02= G%J;AK,- + O-%J,-AKJ- - sz;AK;U/AK/GU,‘AKiGUjAKj’ (10.92)

where py ax,u,ak, 18 the correlation coefficient between U;AK; and U;AK;.

The obtained expressions allow solving the problems of predicting normalized
errors with the required reliability. Based on (10.87) and (10.88) and taking into
account (10.89), (10.90), (10.91), and (10.92), we can write:
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o] (23]

- <w) 21, (10.94)

P([HIT) - <HIL, < [HIT]") :¢<[HH’]+ _5‘) —(DCHHI} _51>; (10.93)

1

P(HIL, < [HIL,]") = 5 exp
2

02

where

@(x) is the Laplace integral.
P(x) is the probability of exceeding the value x of the calculated value.

The use of dependencies (10.93) and (10.94) makes it possible to implement a
computational-probabilistic analytical method for predicting errors. As a result of
calculations, a range of distribution of errors are defined.

Example Let us consider the prediction of the radial beating of a ring gear for spur
gears milled by a single-pass worm cutter. To obtain a solution in an analytical form,
we assume that all factors, except base errors, are constant. Then,

AFr=AY;sin (¢, + @) + Cr; AFL= — AY,sin (¢, —a) + CL,

where

Cr = const and C, = const;
F,,=2AY,u P(F, <F),=P(AY, < %), nx. M(AY,) = 0, & = 0.

o(r,) = \/ Tlary T Olay,) T 20(av,)0(ary) = 20(ar,)-

Information on the range of error distributions is sufficient to solve the main
optimization problems using the traditional approach to product accuracy, based on
the establishment of restrictions on the elements of the process and the MFTP system
from condition (10.1).

However, with adaptive accuracy methods, being aware of only the error scatter-
ing ranges is not enough. It is necessary to know the actual value of the error at each
point of the tooth of the machined gear.

The latter is provided using the computational-adaptive method of error
prediction.

10.2.2.2 Computational-Adaptive Method

The error prediction computational-adaptive method is based on the following:

All errors are classified into two types: changeable over time (discrete or func-
tional) and unchangeable over time (within the period T; under review). Thus, errors
with graphs of change over time, similar to those shown in Fig. 10.15, are
highlighted.
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Fig. 10.15 Graphs of changes in errors over time

Examples are errors that change discretely over time including errors in the
basing of workpieces and errors in adjusting a machine to size when milling. Such
errors have a graph of change as shown in Fig. 10.15a. Errors that change function-
ally over time (Fig. 10.15b) include temperature errors, wear errors of the blade tool
made of high-speed steel, and others. The constant changes within the considered
period (systematic) errors include the actual collisions of the machine and usually
appear idle (geometric and part of the kinematics). These errors are characterized by
the graph shown in Fig. 10.15c.

The outcome of this classification of errors can be determined by

An=0g+ As + A, (10.95)

The terms “A,, Ap A.” in (10.95) are errors that change discretely and function-
ally and those that do not change, respectively.

Values A, can be determined once before processing the first gear and are
considered constant over time 7.

The types of functional dependencies can also be determined a priori. To calcu-
late functional dependencies, one needs to know the parameters that act as argu-
ments. These parameters (forces, temperatures, vibration levels, etc.) can, in turn, be
either predicted or monitored. The prediction of parameters is performed according
to the correlation and regression equations commonly used in the theory of material
cutting or on the basis of these equations using the methods of similarity theory [30].

Control can be performed in the same manner as with the factor method of
determining the given primary errors. Similarly, information can be obtained about
the components that change discretely. Given that the parameters characterizing the
functional and discrete change of errors are relatively few, the sensors for the rapid
acquisition of information about their values can be constantly on the machine.

As a result of entering a priori information, functions (10.82), (10.83), (10.84),
(10.85), and (10.86) change from probabilistic to deterministic. This means that the
reliability of the forecast on them will be equal to that of the supplied source
information. For example, in the case of entering a priori information about the
value AY, (from the previous example), the value will be determined as F,, = 2AY,
with a reliability equal to that of the information about AY,. As this information can
be obtained as a result of direct control, the reliability of the prediction of coins
should be as high as desired and determined by the accuracy of measurements AY,.
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Fig. 10.16 Scheme for calculation-probability forecasting of errors
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Fig. 10.17 Scheme for computational-adaptive method of error prediction

Based on the above, the general scheme for implementation of computational-
probabilistic and computational-adaptive methods of error prediction can be
depicted as shown in Figs. 10.16 and 10.17, respectively.

The main result of the research conducted in Sect. 10.2 was the development and
study of a system model of the process of real tooth formation, reflecting the general
laws of this process. As a result, the general equations of the real surfaces of the teeth
of machined gears are obtained. It is established that the whole set of primary errors
of any MFTP system can be reduced to the 24 listed primary errors, linearly
independent but correlated in modulus. To determine such errors, methods of direct
measurements, diagnostics, and factorial are proposed. The problem of diagnostics
(identification) of errors of an MFTP system is set in the general form and solved.
New gear measuring tools have been proposed for its implementation. It is proved
that the nonlinear nature of the equations of real tooth surfaces with respect to the
given primary errors necessitates the use of special methods for summation of errors
and excludes the possibility of applying the principle of independence of errors.
Methods for forecasting errors with a given forecast reliability have been developed.
It is proved that when entering operational information, it is possible to predict not
only the ranges of distribution of normalized errors but also the values of the actual
deviations of the real points of the tooth profiles from the nominal ones.

For development of forecasting methods in the case of multifactorial processes,
one can also use the relatively recent methodology of the system information
approach [19, 20].
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The obtained results are the basis for the following studies of the methods of

control and management of the accuracy of gears.

10.3 Methods and Systems for Controlling the Accuracy

of Gears

10.3.1 A Full Range of Possible Ways to Control

the Accuracy of Gears

Traditional gear control systems [2, 9, 35, 36] are based on two methods:

Direct method, providing information on the accuracy of the part by measuring
the actual errors of a machined gear

Indirect method, based on periodic verification of the accuracy of the elements of
an MFTP system

The scheme for obtaining information using the first method of control is shown

in Fig. 10.18.

The advantages of control systems based on the first method are high accuracy

and reliability of the information obtained. However, there are significant disadvan-
tages, which are as follows:

Difficulties of control directly at the moment of processing of a detail
Impossibility of application for the decision of problems of optimum operational
control of accuracy “on indignation”

The need to introduce special operations (transitions) of control, requiring addi-
tional complexity and the use of many complex gear tools, which do not always
have sufficient performance and the required level of automation

The scheme for obtaining information using the second method of control is

shown in Fig. 10.19.

Fig. 10.18 Scheme for obtaining information using the direct method of control
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Fig. 10.19 Scheme for obtaining information using the indirect method of control

Systems based on the second method of obtaining information, although less
time-consuming than the first one, cannot be considered optimal, as they often do not
allow both ensuring the permitted degree of risk of missing a defective part and
obtaining information on the current error values, and, therefore, they cannot be used
in adaptive accuracy control systems.

Analysis of connections in the general model of occurrence of errors (Fig. 10.1)
shows that the possibilities of control of gears are not limited to two considered ways
of receiving information. The vector of normalized accuracy indicators HIT s related
to the vector An of the given primary errors:

HIL =f;(An), i€n, je{l,2,...,24}. (10.96)

Therefore, control systems can be based on obtaining information about primary
errors (10.96). Given that in this case, the information about the normalized accuracy
consists of separate information about the accuracy of the elements of the MFTP
system, control systems based on this method of control can be called an element-by-
element one (unlike the previously considered system, which provides direct mea-
surement). The scheme for obtaining information using the element-by-element
method of control is shown in Fig. 10.20.

According to Fig. 10.1, each of these primary errors is the result of the influence
of strictly defined factors, the parameters of which can be measured. Therefore, one
can establish the relation:

Anj=¢; (), HIL=f,[¢;(T)]. k€N. (10.97)

It follows from (10.97) that, knowing the types of functions f; and ¢; and
controlling the parameters of the factors IT;, one can univocally assert the accuracy
of the gear. Control systems based on this method of obtaining information can be
called factorial (Fig. 10.21).
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Fig. 10.20 Scheme for obtaining information using the element-by-element method of control

|

4

Fig. 10.21 Scheme for obtaining information using the factorial method of control

These control methods correspond to three different levels of relationships in the
model shown in Fig. 10.1. It is not possible to select other levels corresponding to
these methods. Therefore, given that the method of indirect control (Fig. 10.19) is a
special case of the element-by-element method of control, based on research, three
fundamentally different methods of control that are possible to implement can be
asserted: direct, element-by-element, and factorial.

The last two methods of control can be directly carried out at the time of tooth
formation, and, therefore, they can be used as the basis for adaptive accuracy control
systems that implement the principles of control of both “perturbation” and
“deviation” [17].

Based on the first method of control, it is possible to build only such accuracy
control systems that implement the principle of control of “deviation” (i.e., using
feedback) and, therefore, require additional workflows to correct the detected devi-
ations in accuracy.

The three listed methods of control, which can be called simple, correspond to the
four combined ones.

A list of all possible control methods classified by the method of obtaining
information is provided in Table 10.1. It also provides information on the possible
principles of accuracy control that can be implemented using the applied control
methods.
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Table 10.1 Ways to control the accuracy of gears

255

Control mean,

Ne. Control mean | possible for

(class) | Information-obtaining method type realization

1 Measurement of the normalized parameters of the | Simple By feedback
accuracy of a ring gear (direct)

2 Measurement of the primary errors Simple (ele- Outraged

ment-by-
element)

3 Measurement of the parameters of the factors Simple Outraged
causing errors (factorial)

4 Measurement of the normalized indicators of Combined By feedback or
accuracy of a ring gear + measurement of the combined
resulting primary errors

5 Measurement of the normalized indicators of Combined By feedback or
accuracy of a ring gear + measurement of the combined
parameters of the factors causing errors

6 Measurement of the given primary errors + mea- | Combined Outraged, by
surement of the parameters of the factors causing feedback or
errors combined

7 Measurement of the normalized indicators of Combined By feedback or
accuracy of a ring gear + measurement of the combined
resulting primary errors + measurement of the
parameters of the factors causing errors

Table 10.2 List of classes of methods of control of gears

Degree of completeness
of control over time
(volume of gears produced)

Degree of completeness

of control on parameters Control method class

Full Full Deterministic
Partial Probabilistic
Partial Full Probabilistic
Partial Probabilistic

Using one or another method of gear control, one can measure either all or some
of the parameters that ultimately determine the accuracy of a gear and control either
in full, at the time of production (or its volume), or not in full.

If we put the degree of completeness of control by factors and volume in a batch
of gears on the basis of classification, the list of the possible classes of methods of
control will be as shown in Table 10.2.

The classes of control methods given in Table 10.2 cover all possible control
systems. Those classes that do not provide complete information on time or param-
eters are classified as probabilistic. One control class that provides complete infor-
mation is classified as deterministic.

Let us move on to consider the degree of risk of missing a defective part for the
specified set of control methods, taking into account their organization into different
classes: deterministic or probabilistic.
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10.3.2 Analysis of Measurement Errors and the Degree
of Risk of Missing a Defective Part in Various Control
Systems

Let us first consider the general methodology and then specify it for each method of
control. The degree of risk will be assessed by the probability of missing a
defective part:

P = P[(HIly > [HIIk]) N (HIe > HIIk)] (10.98)

where HIlg and HIlk are the actual and measured values of the monitored param-
eters, respectively.

By choosing the parameters to be inspected and the frequency of inspections, as
well as the accuracy of measuring instruments, one can control the degree of risk of
missing a defective part (10.98). In order to study the possibilities of this manage-
ment, we will develop models of real control processes.

The most common method of control is the factor method. Having matched each
level of connections of the model shown in Fig. 10.1 to its corresponding operator,
taking into account that the primary information for each method is obtained by
measurement, we find a general operator model of the factor control process

2% [ 5
J[Ap] = R(nli) { ﬂ lm jo)k (R<33)Hk)

j=

}, (10.99)

where

J is the sign of information about the object specified in parentheses.

R%) is operator of measurement of the ith parameter.
Ry is the recalculation operator.

The upper index of the operator indicates the level of communication in the model
shown in Fig. 10.1. The number of operators is determined by the number of the
types of factors and the primary errors given, respectively.

From formula (10.99), by limit transition, it is possible to obtain models
corresponding to the element-by-element and direct control methods:

24

JlAn) =RY) Lﬂ (REAw) (10.100)
j=1

J[Am] = jolg),-HHTi, (10.101)

Equations (10.99), (10.100), and (10.101) are models of ideal control processes.
Models of real control processes are built on their basis, and structures of control
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subsystems are also synthesized. The synthesis of structures is performed by taking
into account the fact that:

* To each operator in dependencies (10.99), (10.100), and (10.101), the subsystem
should be put in accordance.

* Subsystems can be combined.

* Equations (10.99), (10.100), and (10.101) reflect only the target actions
implemented at the stage P.

Therefore, in order to obtain full-fledged control subsystems (their structures), it
is necessary to include in their composition those technical means and performers
that can perform auxiliary and preparatory functions.

Since Egs. (10.99), (10.100), and (10.101) describe all possible methods of
control, on the basis of such a technique, the full range of the possible structures
of control systems is revealed, including the synthesis of new systems. Construction
of models of real control processes is performed based on the following:

Each measurement or recalculation operator makes an error in the error value to
be determined. These errors are different in magnitude for different operators and for
different parameters within the same operator. The error of measurements €, is
determined by the accuracy of measuring instruments and the error of recalculation
Q,, — the quality of the applied mathematical model — by the degree of its adequacy to
the process.

The dependencies provided in Sect. 10.2 on the relationship between the incre-
ments of coordinates (as a function of the above primary errors) and the normalized
accuracy of the gears allow calculations be performed with arbitrarily high accuracy,
as they are based on strict geometric relationships. Therefore, the operator error RSLP
can often be neglected. The task is to evaluate the impact of measurement errors and
errors in the conversion operator R,(ﬁ).

Let us denote the actual value of the operator as

) _ pl) )
Riws)i = Runws) + ARy (10.102)
where Rﬂ}( U3)i and ARg)( v3); are the nominal (exact) values of the operator and its

increment (error), respectively.
Then, taking into account that dependence (10.102) reflects the most general type
of control, from which others follow as special cases, we can write:

(10.103)

5
2 2 3 3
(Y (R + AREL) * (it + R )

24
HIl; = (Rﬁﬂ,- + AR%)) { f
k=1

Jj=1

Up to small second-order smallness, Eq. (10.103) can be transformed as follows:
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be

(10.104)

HIlg; = Hl'IcerARm{ﬁ R(Hzm( (RSU”H( II )]}*Rl-:r)u{ﬂ ﬂ ARHI( ( nosk - 11 )

j=1 j=1

4 s
3)
+Rnnl{m[ Ran (AR§/3K HK)
k

where

HIlp = RHH,{ N

j=1

ﬂRHHK ( HU3K HK)

k=1

} (10.105)

Based on (10.104) and taking into account that expression (10.105) is the exact
value of the parameters, we can find the total control error:
}+

(10.106)

—Apd) A 2 (pB) } (1){ { 2) 3)
Qki = ARy, {jﬂ [RHHK (RHUSK I )] + Ry ﬂ mAR (RHU3K H)

|

3
Hl'[z{ m [ﬁ RHHK <ARE/3)1< ’ HK)
This error corresponds to the factor control method. In the case of the
corresponding element-by-element control, it is necessary to put

3 3
R§-12]3K =1, AR(UgK =0.
Under direct control
Rithi =R =1, AR = AR{) =0.

Given the large number of components included in (10.106), it can be argued that
the total control error will be distributed according to the normal law with parameters

24

M(Qg:) = ZM(ARS}) [R< ) (RI(-{L)BK HK)} + ZRHH/ [25: (ARHK)RHU3K Tk

j=1 =

+ Z RHH] Z RHI'IK (ARmk) kg |;

+

s

(10.107)
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2
} +

(10.108)

2 2 5
o(Qxi) = J {Z ”(AR(I)) [Rl(izl)ik (RSL)BK ’ HK)] } {ZRSHI [Z” R(z HU3K Ik

j=1 j=1 k=1
}2
5

5
{Z RHHj [Z HnKU
where M(x) and o(x) are the signs of mathematical expectation and variance,
respectively.
Assuming independence of control errors from gear errors, the degree of risk of
missing a defective part can be calculated depending on

P = P(HIly > [HIIk]) - P(HIIe > HIIx) (10.109)

From dependence (10.109), it follows that the degree of risk depends not only on
the accuracy of control but also on the stability of the technological process that
determines the value of P. To obtain a degree of risk not greater than the specified
one, in the case of an unstable process, one should use more sophisticated measuring
instruments.

The obtained dependencies are the basis for solving direct and inverse problems
related to the organization of optimal gear control systems. On the basis of general
equations, we will consider the features of various control systems. In this case, due
to the deep study of direct control systems in the works by Taits and Markov [35]
and Taits [35], we exclude them from consideration.

10.3.3 Element-by-Element Control Systems

In accordance with Eq. (10.100), systems implementing the element-by-element
method must perform the function (operator) of measuring the given primary errors.
These systems can be built on the basis of the sensors of linear and angular
measurements. The task is to use such sensors to measure all 24 (in deterministic
systems) or some (in probabilistic systems) of these primary errors. In accordance
with the functions associated with obtaining, converting, and transmitting informa-
tion on Eq. (10.100), the required technical means (subsystems), and combining
them, we obtain a variant of the structural scheme of technical means implementing
the element-by-element control system in the most general form, i.e., determined
(Fig. 10.22).
The figure shows:

S; — sensors of the linear and angular measurements
P; — parameters
A — converter amplifier
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Fig. 10.22 A variant of the
structure of the technical ' [ [ 1 :
means that implements the

element-by-element method S” m "

of control

CB

CU - calculating unit

RD - recording device

AIIB — a priori information input block
CB — control block

ES — energy source

Based on dependencies (10.106) and (10.109), it is possible to find a measure-
ment error for this type of system and the degree of risk of missing a defective part:

24 24
QKi:ARgi){ﬂ [Ridhc - 1] + Rifhy () [aRGE - 1] }; (10.110)
j=1 j=1
P = P(HIle > [HIIg]) - 20 [HH"U(_TAZ)@K)} (10.111)

The dependencies are provided for a deterministic class of systems; in the case of
probabilistic systems, the following should be taken into account. Depending on
(10.110), the measured values of the parameters should be replaced by the predicted
values of those parameters that are not measured, and, instead of the measurement
error for the same parameters, the forecast error should be substituted.

The probability

P(HIlp > [HIIk]) (10.112)

in (10.111) should be determined on the basis of the fact that the process at the
previous stage of control is in working order and therefore (10.112) is:

P(HH@ > [HHKD :Py(HH(p > [HHK]) (10113)

where P, is the conditional probability of the occurrence of a defective part,
calculated in view that at the time ¢ — At, the process was operational.
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47 5

Fig. 10.23 An example of the technical means that implement the element-by-element control
system

Dependence (10.113) is general and suitable for all control systems. An example
of the element-by-element control system obtained by specifying the scheme in
Fig. 10.22 in relation to the tooth grinder is shown in Fig. 10.23.

The system is intended for an operative assessment of accuracy and is directly
located on the machine. The machine is composed of frame 1 on which Table 10.2 is
mounted with clamping device 3 having a geometric axis O — O. Tool headstock 4 is
also attached to the frame, carrying tool 5, the axis of which is marked as O; — O;.
Synchronization of the movements of the part and the tool is provided by kinematic
circuit 6 equipped with drive 7. The tool rotates from independent drive 8.

The error in determining the increment of the radius vector A7}; is monitored by
the sensor S. This is possible due to the point method of forming with a constant
position of the point of contact on the tool surface. The same sensor also determines
the components of the matrix M a1 because the base of rotation is the axis of the tool.
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The position of the axis of rotation of the tool relative to the axis of the part is
determined by sensors S5, S3, S4, Ss, S6, and S7, which are paired with each other and
determine the coordinates of the axes relative to three mutually perpendicular planes
(positions 9, 10, and 11 in Fig. 10.23). Jointly with the sensors Sg and S that
determine the degree of consistency of tool and workpiece movements, the sensors
S,—S; provide information about the components of the matrix. To determine the
components of the matrix M », there are sensors S 10—515 that measure the position of
the part M a; relative to the axis of rotation. The increment components of the radius
vector A7,y can be measured with a multi-input sensor Syg.

Thus, the listed sensors determine all the received primary errors, which are
shown on the processed gear using the considered method of forming. The results
of their readings, after appropriate conversion and amplification, are processed in
device 12.

An essential advantage of a system of this type is its ability to obtain the necessary
information about the accuracy of the machined gear directly at the time of
processing using only two types of sensors (linear and angular measurements).
However, such systems are difficult to implement in the case of methods of forming
with linear or surface contact in the pair “tool surface—workpiece” due to the
complexity of the operational assessment of the components of the increment of
the radius vector A7j; at each point of contact. Therefore, in such cases, it is
necessary to build either an incomplete system, in which the assessment of the
accuracy of the tool is given a priori, or combined systems.

10.3.4 Factor Control Systems

According to the previous definition, factor systems are based on the control of the
parameters of the factors that cause errors. In this case, either all parameters or their
individual groups can be controlled. Given that each group of parameters corre-
sponds to its own instrumentation, it is advisable to identify a complete set of
different types of factor systems with different groups of controlled parameters.

Given that a purely predictive control system based on a priori error estimation is
a system with a number of controlled parameter groups equal to zero, and if we take
into account that there can be only five different groups of parameters, we can
establish that factor systems can be of six types: O-factor (prognostic), 1-factor, ...,
5-factor (full-factor).

The variants of structural schemes of control systems obtained on the basis of
dependence (10.101) are displayed in Fig. 10.24 — prognostic — and in Fig. 10.25 — n-
factor,n =1,2, ..., 5.

The figures show:

S; — sensors of groups of factor parameters
t. — control time; ¢t — current time corresponding to the moment of processing
AIIB — a priori information input block
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Fig. 10.24 Block diagram
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Fig. 10.25 Block diagram of the n-factor control system

FD — forecasting device
RD - recording device
PCS — system of preliminary control (forecasting)

The free arrow shows the input of the source information.

Obviously, there can be only one prognostic and full-factor system. The number
of types of factor systems is equal to the number of combinations without repetitions
from 5, i.e., one-factor — 5, two-factor — 10, three-factor — 10, four-factor — 5.

If we mark the action of control by the sign C, and the groups of parameters

related to factors:

G — geometric
K — kinematic
F — force

T — temperature
W — wear
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Table 10.3 Types of factor Ne. Structural model Name (type)
control systems 1 C O-factor
2 C(G) 1-factor
3 C(K) 1-factor
4 C(F) 1-factor
5 C(T) 1-factor
6 C(W) 1-factor
7 C(G) + C(K) 2-factor
8 C(G) + C(F) 2-factor
9 C(G) + C(T) 2-factor
10 C(G) + C(W) 2-factor
11 C(K) + C(F) 2-factor
12 C(K) + C(T) 2-factor
13 C(K) + C(W) 2-factor
14 C(F) + C(T) 2-factor
15 C(F) + C(W) 2-factor
16 C(T) + C(W) 2-factor
17 C(G) + C(K) + C(F) 3-factor
18 C(G) + C(K) + C(T) 3-factor
19 C(G) + C(K) + C(W) 3-factor
20 C(G) + C(F) + C(T) 3-factor
21 C(G) + C(F) + C(W) 3-factor
22 C(K) + C(F) + C(T) 3-factor
23 C(K) + C(F) + C(W) 3-factor
124 C(F) + C(T) + C(W) 3-factor
25 C(T) + C(W) + C(K) 3-factor
26 C(G) + C(T) + C(W) 3-factor
27 C(G) + C(F) + C(T) + C(W) 4-factor
28 C(G) + C(F) + C(T) + C(K) 4-factor
29 C(G) + C(F) + C(W) + C(K) 4-factor
30 C(G) + C(T) + C(W) + C(K) 4-factor
31 C(F) + C(T) + C(W) + C(K) 4-factor
32 C(G) + C(K) + C(F) + C(T) + C(W) 5-factor

Then we can identify the types of factor control systems as shown in Table 10.3.

Thus, Table 10.3 indicates that there may be 32 types of factor control systems
that differ in the completeness of the information received. One of them, i.e., O-factor
is completely probabilistic (prognostic), and the other one — full-factor — is deter-
mined. Other systems are partially probabilistic.

The choice of one or another type of factor control system is determined by the
characteristics of the machining process: the nature of contact between the tool
surface and the workpiece, the heat of the process, the magnitude of forces, the
complexity of kinematics, requirements for gear accuracy, and others.

It follows from the analysis of dependence (10.106) that with an increasing
number of groups of controlled parameters, the reliability of the accuracy estimates
increases.
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In the case of a O-factor system, the probability P = P(Qg < &) of obtaining a
prediction error with a value smaller than that can be determined on the basis of
(10.107) and (10.108)

P(QK<§)=2®[5‘6(MT(SK>}, (10.114)
considering
1 1k —M(Q)\’
q(QK)—G(QK)meXp[ 2<U(QK) > . (10.115)

Since, in (10.114), P — min while sn (10.115) 6(Qg) — max, use of the O-factor
system is appropriate only for coarse gears in sustainable production.

The system of type C(G) is characterized by the presence of sensors of geometric
inaccuracies of the elements of an MFTP system. Such a system is effective in all
processes because geometric inaccuracies always comprise a significant proportion
of the total error. However, due to the complexity of controlling geometric inaccu-
racies at the time of processing, the most appropriate area of its application are
processes with relatively simple kinematics of movements during formation, espe-
cially in the simplified version of the system, when only unstable deviations are
controlled, i.e., those that change discretely or functionally during the processing of
each gear, and stable deviations (systematic errors) are taken into account a priori.

The system type C(K) contains sensors of kinematic errors occurring in the
kinematic circuits of an MFTP system. It is effective in processes with complex
kinematics of movements or in processes carried out by free-running methods.

The type C(F) system uses force sensors. The actual elastic deformations in an
MFTP system are determined by the magnitudes of the forces. In addition, the
amount of wear is correlated with the amount of wear. Such a system is
recommended for use in processes in which high cutting forces occur or in the
case of a nonrigid MFTP system.

The type C(T) system requires the inclusion of temperature sensors at various
points in an MFTP system’s dimensional circuit. At a known temperature, temper-
ature deformations are determined and the amount of wear is more accurately
predicted. This system is recommended for processes with a large proportion of
temperature components in the total error.

Finally, the system type C(W) provides control of tool wear parameters. This
control can be direct or indirect (see Sect. 10.2). The system is recommended for
processes with unstable wear of tools, for example, hard alloy, which are brittle.

Two-, three-, and four-factor control systems increase the amount of operational
information about gear errors. Therefore, they increase the reliability of the assess-
ment of accuracy.

Each of these systems has the advantages and disadvantages of combined single-
factor systems. Therefore, it has a field of application corresponding to those of
combined single-factor systems, slightly expanded in the range of the degrees of
accuracy due to the increase in operational information.
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Fig. 10.26 General scheme for factor control

In a full-factor system having the form C(G) + C(K) + C(F) + C(T) + C(W), the
measurement error is minimal. In accordance with dependence (10.100), it is
determined by the accuracy of factor measurements and that of the models used to
calculate the components of these errors. Theoretically, following from dependence
(10.106), the probability of a measurement error can be reduced to any arbitrarily
small value by increasing the accuracy of the measuring instruments used and
reducing ARﬁ).

Both full-factor and n-factor n € {1,2, 3,4, 5} systems can have different designs.
The following is an example of a five-factor system. Since systems with a smaller
number of controlled parameter groups can be obtained on the basis provided by
excluding the corresponding groups of sensors from consideration, due to their
particularity, examples of such systems are not considered in this chapter. The
general scheme for the factor control process is shown in Fig. 10.26.

A variant of the scheme for the structure of technical means implementing the
factor control method, obtained on the basis of the general methodology, is shown in
Fig. 10.27.
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Fig. 10.27 A variant of the
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The symbols in Figs. 10.26 and 10.27 correspond to those previously adopted.
According to Fig. 10.26, when organizing factor control processes, some informa-
tion can be introduced a priori. This is appropriate due to the stability of certain
groups of geometric and kinematic errors and the difficulty of organizing control in
the processing of all components. However, most of the information is directly
obtained at the time of processing.

Thus, the process of factor control can be rationally organized as follows:
persistent errors must be identified before processing. These are usually machine
idling errors and static primary tool errors. The information obtained can be
converted into electrical signals and amplified by the required amount in proportion
to the coefficients of influence on the determined errors of the ring gear. These
signals must then be transferred to a multi-channel computing device.

Furthermore, directly in processing, the measurement of variable components is
performed: envelope parameters, to determine the actual coordinates of the points of
occurrence of temperature deviations, cutting force, vibration level (in the case of an
indirect assessment of tool wear); deviations of the running speed (if rolling
processing is used); and variables on each gear of geometric errors (setting of details
and adjustment of a strike on the size).

Information about these parameters must be also translated into electrical signals,
which are amplified and entered into a multi-channel computing device. In a multi-
channel computing device, the signals are summed up and the desired values of the
controlled errors are calculated, for example, in accordance with the dependencies
previously provided in Sect. 10.2.

The values of the calculated accuracy indicators are entered into either the
recording device or the executive body that controls the accuracy of the device.
Since this method provides current information about errors at any point of the ring
gear, the computing device by conversion receives actual information about any
indicator of the accuracy of the ring gear, such as radial runout, radial error, profile
error, tooth direction error, etc.

As an example, Fig. 10.28 shows a diagram explaining the factor control of errors
F,,, f}r, Fpg,, and Ay, at the time of gear forming.
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Fig. 10.28 Scheme for factor control of errors in the gear shaping process

In the diagram and in the following calculations, individual, insignificant details
are skipped for simplification. In Fig. 10.28, the tool is marked by position 1 and the
machined gear is position 2. In the considered processing method (Fig. 10.28), the
envelope parameters are y and ¢,. The width of the gear is indicated by b,, and the
center distance by a,,.

To implement the method before shaping, the idle errors of the machine (stable
components) are determined: non-parallelism of the tool stroke relative to the axis of
the device in the radial and tangential planes A®, (i) and A®,(y), respectively. The
static primary errors of the tool on the right and left lines of action — AFr(¢,) and
AF\ (¢»), respectively — are measured directly relative to the axis of rotation.

The received information is converted into electrical signals and amplified for the
subsequent calculation of errors on the values:

| For Fiy: AFR(¢) = KiAFR(¢) = 2sma Fr(é,):
AFL(¢y) » K2 AFL () = 2smaAFL(¢z);
] For f}, : AFR(¢,) = K3AFR(¢,) = zsmaAFR(ébz)?
AFL(¢y) = KsAFL(y) = 2s1naAFL(¢2);

* For Fy, : AD(y) — KsAD(y) = sin aAD(y);
AD(y) — KsAD () = cos aAD(y);

For Ay, : AFR(¢,) — K7AFR(¢,) = A;;{i—r(fzj);
' AFL(¢y) = K4AFL () = AZFsLiiI(i?);

AD,(y) = KoADy () =1 - AD(y).
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where K|—Kj are the gain coefficients equal to the coefficients of the influence of
primary errors on the controlled indicators of the accuracy of the gear. These
coefficients, as well as the following in the example, are taken from the work by
Ternyuk [38].

Additionally, directly at the time of formation, the values of the envelope
parameters y and ¢, are controlled, for example, by the photoelectric method.
These parameters are the values of the arguments in the functions of primary errors,
including the given ones. The following are also monitored:

* Part T, and tool T, temperature, e.g., by artificial or natural thermocouple methods

» Radial component of cutting force P, = P, (¢,) as a function ¢,

* Vibration level u = u(¢,,y) as a function of ¢, and y

» Deviation of running speed @ = w(¢,) as a function ¢,

* Errors in the base of the workpiece: turns at angles Ay, and Ay, around the axes,
mutually perpendicular to each other and perpendicular to the axis of the device,
as well as displacements AX and AY along these axes

» Machine setting error Aay = Aay(¢,)

Being a priori, the received operational information is converted into electric
signals, for example, by sensors, and, then signals are amplified to values as follows:

(a) For calculation of F,: AX,—KjgAX;= (M> AXy; AY,—

VAX]+AY3

AY; cos ¢

Ki1AY, = | == | AYy;
Hnes2 \/AX:+AYS 2

P (¢hy) = K13P(¢,) = Pz((ﬁz

t

T, — KT, = 4’2 b/Tdt Ty

0
t

Pu(s) > KisPu(n) = | 5oS () - / Pidt | P.():

0
Aay(¢y) — KipAau(dy) =1 - Aay(¢h,);

t

(oo ) = Kranh ) = | L1(0) ¢ / wdt | u(a. w):

0

(b) For calculation of f},: the same as for F,,

(c) For calculation of Fg: Awy,— KAy, = (\/M> Ay, Ay, —
Ay2+Ay? *

Ay, .
Kialbvy= (ﬁ) Ay
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P (¢hy) = K19P () = C‘//3Pz(¢2);
(d) For calculation of Ay,: the same as for F,, and additionally:

mz mz
Tp_>K20Tp: - TpanTp; T, — KT, = — TraTtTt;

The received signals are transferred into a multi-channel computing device, in
which of the relevant components and the issuance of information about the current
errors or the definition of normalized errors is summed up. In the latter case, the
calculation is based on:

Fir = max [K\AFR(g) + KaDFL(g) + KioAXz + K1 AYa + Kiodan () + K1sPy(d)] -
- n(})izn [K1AFR(¢,) + K2AFL(¢h,) + K10AX) + K11AY, + KipAay(h,) + K13P:(¢h,)];
0<¢,<2m w=0,5b,;

fh= max [K1AFR(¢$,) + K2 AFL(¢2) + Ki2Aan(¢,) + K1aT + Ki5P:(¢2) + Kiou(ha)] —
— min [K1AFR(¢;) + K2AFL(y) + K12 Aan () + KiaTi + KisP () + Kiop ()]
(i—Dr<¢p,<ir; i=1,....25 w=0,5b,;
Fg = max [KsAD,(y) + KeAD,(w) + K174y, + K1sAy, + K19P. ()] —
— min [KsA®(y) + KeA®(y) + K17 Ay, + Kis Ay, + KioP:(2)]:
¢, =ir; i=1,...,2, w=by;

Apy = min K7AFR(¢,) + KsAFL(¢h;) + KoAD,(y) + K10AX> )
T + K1 AY, + KipAay(p,) + Ki3P (¢y) + KaoT, + KT, |’
0<¢, <27, w=0,5b,.

This example does not use rolling speed deviation information. However, it is
required when calculating fluctuations in the length of the general normal, run-in
errors, and other errors.

Thus, according to the proposed method of factor control, any error of a gear can
be controlled. At the same time, the need to control the gear outside the machine is
eliminated, which saves time and reduces the number of used measuring instru-
ments. In addition, it is possible to organize adaptive accuracy control.

These benefits should ensure that the factor control systems are more widespread
in future. For this purpose, it is expedient to organize the release of gear processing
machines equipped with the corresponding measuring, converting, amplifying, and
computing tools.



10.3 Methods and Systems for Controlling the Accuracy of Gears 271
10.3.5 Combined Control Systems

With the correct combination, combined control systems can realize the main
benefits of all simple control systems. In addition, this type of system is the only
one that allows obtaining redundant information about errors and thus provides an
opportunity to build highly effective control tools that allow control “themselves.”
Block diagrams of combined systems are a combination of schemes of simple
systems, and they are not given separately.

Each type of control system produces its own measurement error Qg. This error
appears with the probability P(Qx < &). Therefore, the probability g(£) of obtaining
objective information about errors with an error not exceeding ¢ is

q(§)=1-P(Qx <¢); (10.116)

The measure of information corresponds to the probability obtained from
(10.116)

J(&)=log, ——. (10.117)

Let J Eg correspond to the measure of information obtained in the process in

which the first type of control system is used; J Ez)) corresponds to the second and J 8

corresponds to the third. Then, if all three types of control systems are simulta-
neously implemented, then the total information instead of (10.117) will be:

) (10.118)

This type of system, in which three methods of control are used, is called a three-
species system. In the particular case, one species may be missing, which will
correspond to two species. Commonly used systems (simple) are one-species.
Since J E 5; %) , and J (3 ) are a measure of information obtained in different ways,
but with the same Value, it becomes obvious that these measures can be judged by
comparing them on the basis of the serviceability of control devices.

Taking into account the different accuracy of control, the condition of correctness
of realization of three-type control can be written in the form:

(1) @ _ 40 (1 3)
(o =93 =) n (b -7 <8) n ([0 - 73 | <¢). (10119)
The same can be done for the two-species:

m
-3 <e (10.120)
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Fig. 10.29 Schemes for information-redundant three- and two-type processes of gear control

Since complete information about errors can be provided by each of the simple
systems, according to (10.118), three- and two-type control systems can be redun-
dant in the information sense. This allows using inequalities (10.119) and (10.120) to
build highly reliable and high-precision complex systems. Such systems implement
the processes shown in Fig. 10.29.

Figure 10.29a displays a two-species system, and Fig. 10.29b shows a three-
species system. When using redundant information systems, an increase in reliability
is achieved due to the possibility of failure indication using inequalities (10.119) and
(10.120). Improving accuracy is carried out by averaging errors. Thus, the value can
be taken as a measure of information in combined systems

JoO =t (10.121)

where K;, i € {1,2,3} is the reduction factor (weights).



10.3 Methods and Systems for Controlling the Accuracy of Gears 273

The values of these coefficients can be selected inversely proportional to the error
variances of the respective control systems. In view of the need for rationing K;, one

can write:

n 2
>0
i=1

Ki="+——.

O

In this approach, taking into account the obtained equation from (10.121), it
follows that

K i .
JE ST, ie{1,2,3)

This is proof of the possibility of improving the accuracy of measurements
(obtaining more reliable information) about the errors when using two- or three-
type gear control systems.

By studying the general system model of the process of errors and by applying the
general method of the synthesis of structures, a full range of possible methods and
control systems can be identified, their capabilities can be evaluated for recommen-
dations for applications, and a method of synthesis of the new control systems can be
developed. The complete set of control methods includes seven elements, three of
which are simple and four are combined. In addition to methods based on direct
control of normalized accuracy, the measurement of gear errors can be performed by
element-by-element, factor, simple, and combined methods. Element-by-element,
factor, and combined methods (based on them) of control can provide information
about errors directly at the time of their occurrence, which provides an opportunity to
build, on their basis, adaptive accuracy control systems implementing the principle
of “perturbation” control. Systems of direct control, which are delayed in relation to
the process of formation, do not allow building such systems, but can only ensure the
implementation of the principle of management “feedback.” This requires extra
effort to correct mistakes. To calculate the actual measurement errors, as well as
the degree of risk of missing a defective part, a general model is proposed, from
which the dependencies for the calculation of these values using certain methods and
control systems follow as a special case. The possibility of building information-
redundant gear control systems has been proven, which allows creating highly
reliable and high-precision control systems that provide the required performance.

The obtained results are the basis for the synthesis of highly efficient gear control
systems.
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10.4 Technological Methods of Controlling the Accuracy
of Machining Gears

10.4.1 The General Characteristics of the Methods
of Controlling the Accuracy of Machining Gears

A general description of the methods of controlling the accuracy of machining gears
can be obtained by highlighting the objectives and levels of control, control variables
and the nature of their change over time, and the stages of implementation. It is
known [4] that in the engineering practice of creating and operating systems, it is
possible to set two types of optimization problems:

* Obtaining the desired effect at a minimum cost
* Obtaining the maximum effect when using the specified limited resources

Therefore, in the problems of optimal control of the accuracy of machining of
gears, we can identify two possible goals:

» Ensuring the specified accuracy at a minimum of costs (first of all, labor intensity)
* Achieving maximum accuracy while limiting costs (including labor intensity)

Many possible levels of accuracy control can be identified by considering the
technological process as a hierarchical formation, and it can be divided into opera-
tions, transitions, and passes [9]. Based on this, the general symbolic model of the
structure of the technological process can be represented as:

n m k
r= Aol A (0 7)
=1

i=1 =1

s

where

T, is the technological process.
O; is the ith operation.

H](-i> is the jth transition of the ith operation.

ng) is the ¢th passage transition of the jth operation.
n, m, and k are the number of operations, transitions, and passes, respectively.

According to this model, the power of many possible levels of control of the
accuracy of machining of gears equals four. Obviously, the general process control
scheme (actions) shown in Fig. 10.30 can be implemented at each level.

Considering accuracy as one of the outputs of the system, in accordance with
dependence (2.3) and Fig. 10.30, it can be claimed that accuracy control at each
level, in general, can be provided by changing at time ¢, its system input U(¢;) and
system state C;; = (IXsl,1, Rss1), which is characterized by its [Xgl,; structure and
many connections between its parameters Rg;; and processing time #,. At any given
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Fig. 10.30 General control

scheme Input - , /;l\ Output
5
N

v

»| Control unit |«

A

time, management may cover all or only some of the factors that allow variation, i.e.,
it can be complete or partial. Depending on the nature of the change in control effects
over time, we can differentiate between static control based on a priori process
information and dynamic control based on operational process information. In
addition, there can be combined control, when a part of the parameters or structure
changes statically and the other part changes dynamically.

Depending on the implemented principle [7], it is possible to identify the control
of accuracy “by deviation” and “by perturbation.” The implementation of these
principles is ensured, in general, by the actions of technical means.

It should be noted that Fig. 10.31 covers the characteristics of both of the possible
methods of ensuring the required accuracy by satisfying conditions (10.1): restric-
tive, consisting of a restriction, i.e., static change of all factors effecting errors, and
adaptive (or compensatory), consisting of operational, i.e., dynamic change of these
factors.

The obtained results allow moving to a systematic study of accuracy management
at all possible levels. Equations (10.23), (10.24), (10.25), (10.26), (10.27), (10.28),
and (10.29) can be used as a general model of the achieved results.

10.4.2 Accuracy Management at the Process Level

In accordance with the model presented in Sect. 10.4.1 related to the process level, it
can be written

n

ﬂ Oi(tl), Rl'(tl)

HIL; =#;[Cy, Ui(th), 1] '7,‘{
i—1

, Us(t), tz}. (10.122)

Thus, at the process level, accuracy can be controlled by changing the type,
number, and order of operations as well as input parameters related to the workpiece
and time. The introduction of an operation in the process is provided by the need to
change the parameters of accuracy HII or roughness R, R, of the teeth. Therefore,
the decisive rule for forming the structure of the process can be written in the form
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Fig. 10.31 Signs of accuracy control methods

e (e < 1) U 3ef) (e <1). (10.123)
where
@) _HIL_y o _ Ri-1  Rai-1
R I ks Tl (10.124)

Conditions (10.123) and (10.124) mean that it is not necessary that all indicators
of accuracy or roughness are improved at the same time at each operation. The
possibility of compensating for individual components of errors in different
operations, as well as the unequal efficiency of these operations, creates the pre-
conditions for solving the problem of choosing the optimal values el(jM and eﬁj). Since
HIT; =f(A7,), in accordance with (10.23), (10.24), (10.25), (10.26), (10.27),
(10.28), and (10.29), is affected not only by the actual deviations of the shape and
size of the real surface compared to the nominal but also by the position of the
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Fig. 10.32 Example of a process scheme with a variable structure

measuring (operational) base reflected by the elements of the matrix My, we can
identify two fundamentally different types of operation machining, which affects the
final accuracy:

* Operations on processing of the teeth influencing A¥,, or on Ar,, and M A2 at the
same time

* Base surface treatment operations affecting M A2

The process can generally include any kind and any type of operation. Therefore,
it can be claimed that at the process level, within the conditions of the physical
feasibility of a system, there are no restrictions on the accuracy achieved. However,
in the synthesis of real systems, when time constraints, applicability constraints, and
cost constraints take effect, such constraints on the achieved accuracy are available.
The accuracy that is actually realized is always provided by the capabilities of the
operations, which are parts of the process.

The dependence analysis (10.122) shows that, in order to control accuracy, the
process can have both a constant (ﬂf’:] O, = const) and a variable (ﬂ?:] O; = var)
structure. Examples of processes with a constant structure indicating the achieved
efficiency are described in many works, including the studies by Jeff and Hamada [9]
and Ponomarev [23]. However, they are not considered here. The possibilities of the
control of accuracy at the process level, by changing the structure the diagram of the
technological process with a variable structure, are illustrated in Fig. 10.32.

The process includes gear cutting (GC), heat treatment (HT), and gear sharping
(GS) and, if necessary, a second finishing operation — gear honing (GH). The control
is marked with the letter “C.”

According to the scheme, some parts that meet the requirements of accuracy and
quality of the lateral surfaces of the teeth may not undergo gear honing. According to
the practical implementation of the process, it is established that this part can reach
80% of the total volume of processed gears. Thus, in this example, the management
of the process structure is provided in order to reduce labor intensity. The latter
reaches 80% of the total labor intensity for gear honing, designed for the entire
program of gear production.

Minimum composition processes — single-operation — have the least ability to
control accuracy. In addition, their use is limited to the fact that modern gears, as a
rule, require intermediate chemical—thermal treatment. However, their use is desir-
able, as such processes require the simplest technological systems in general. The
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possibility and expediency of application of single-operational processes are defined
at the stage of synthesis in a technological system.

Let us move on to consider the possibilities of accuracy control by choosing
the kind and type of operation. In this case, since the traditional operations are
well-studied [36], we will consider multi-instrumental and database processing
operations.

10.4.2.1 Possibilities of Accuracy Control Using Two- and Three-Tool
Processing Methods

In multi-tool machining, each tool forms the tooth surfaces described by
Egs. (10.23), (10.24), (10.25), (10.26), (10.27), (10.28), and (10.29). Moreover,
operator (10.24) selects from all possible cuts those that actually remain on the
gear in the form of a real surface. In this regard, there is no fundamental difference
between single and multi-tool processing (in the context of the laws of error).
However, from the point of view of the possibilities of error management, it is
expedient to consider finishing methods with the use of several tools, with the aim of
revealing the patterns of different types of connections to the transformation of the
original workpiece errors.

In practice, two- and three-tool processing methods are often implemented using,
usually, disk multi-toothed tools such as rollers, shavers, and hons [9, 34]. There are
many designs of machines that implement these methods, which are fundamentally
different from each other with regard to the kinematic connections between tools as
well as between tools and gears.

Based on practice [9], each variant has its own patterns of error conversion in the
processing. Therefore, the choice of optimal options for newly designed machines or
the establishment of rational areas of operation of the existing equipment should be
made with due regard to the achieved accuracy of processing.

The most common and some new schemes of two- and three-tool processing are
shown in Fig. 10.33.

In Fig. 10.33, the circles indicate the machined gears and tools. The heavy solid
lines show rigid kinematic connections. The thin short arrows show the possible
movements of the elements of the MFTP system during processing. The absence of a
symbol of support in the center of the gear means that the processing is performed
without fixing the position of the axle in space.

The values of the connection parameters characterizing the scheme are provided
in Table 10.4.

In this case, the scheme number in the table corresponds to the figure number in
Fig. 10.33. The following marks are accepted:

@ — angular coordinate parameter (Fig. 10.33)

e,  — eccentricity parameters

Aa — offset parameter

1-2, 2-3, ..., 1-4 — connections, the presence of which is reflected by one
O, T — one- and two-profile processing
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Fig. 10.33 Schemes for two- and three-tool processing

Considering the features introduced in Table 10.4, it can be determined that other
processing schemes are possible, which, however, have not yet become widespread
due to the complexity of their implementation or lack of significant advantages over
the above.
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Let us analyze the processing schemes listed in Table 10.4, based on the follow-
ing assumptions: In finishing methods of processing teeth, the cutting forces directed
tangentially to the profiles (tangential) are small compared to the normal one
[29]. Therefore, their influence, in order to simplify the calculations, will be ignored.
The flexibility of an MFTP system affects the conversion of errors in gear processing
[40]. However, it does not change the nature of these transformations but only causes
quantitative differences between the calculated values of the amplitudes [41]. There-
fore, we will ignore the elastic deformations of the MFTP system. Provided that only
the low-frequency components of the total error will be considered in the future — as
its main part, determined by the scheme of multi-tool processing, forces of inertia
and damping, due to their small influence [38], we will also ignore.

When studying the regularities of error transformation, we take into account the
following conditions that are met with rationally organized processing [41]:

1. A closed circuit of the dimensional circuit of an MFTP system. This closure is
ensured by rigid kinematic connections and the presence of sufficient allowance,
by continuous pressing of the tools to the workpiece, or by stabilizing the center
distance and providing sufficient allowance

2. Power (dynamic) balance of an MFTP system, due to the presence of force
interactions between the elements of the MFTP system

3. Continuity of the gear, provided by its relatively high mechanical properties that
do not allow significant deformation of the teeth and rim

Let us write the expressions that reflect these conditions in general. The relation-
ship between the increments of the lines of action is derived from the closed
condition of the MFTP system [36, 41]:

) _ AFY —AF)

(i

AT P L (10.125)
AR AR
AHW="R "L . (10.126)
2sina
AFY = AFU) — AAY (10.127)
R1 — RO R .

AFY = AF) — A (10.128)

where

AT® is the tangential increment of the lines of action of the processed gear.

Atg?L is the allowance; the lower index indicates the pass number (stroke) and profile
(R —right, L — left) and the upper index indicates the tool number.

The relationship between allowance and cutting force (V) based on the study by
Samoilov and Syromyatnikov [29] is assumed to be linear:

Nr=C,Atg; N_=C,An, (10.129)

where C,, = const.
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Fig. 10.34 Scheme for applied coordinate systems

On the basis of (10.125), (10.126), (10.127), (10.128), and (10.129), we obtain
for two-profile processing:

_ Nr+Np . AR + Az,

Fr=dna =% 2sna (10.130)
_NR—NL_ AlR—AlL_

Pi= 2cosa 7 2cosa ’ (10.131)

The index “r“in (10.130) denotes the radial cutting force “#“in (10.131), which is
tangential.

Equation (10.131) confirms the legitimacy of the assumption that the tangential
components of the cutting forces are small (P, = 0 at Atg = Afy).

Let us consider the coordinate system: Sy{Xg, O, Yy} — fixed (Fig. 10.34) and
movable coordinate system S{X, O, Y}, which does not rotate, but has a center O that
coincides with the geometric center O, of the workpiece.

The axes of the coordinate systems are parallel, and the centers are shifted by
e and phase f. The angular positions of the axes on which the centers O,, and O3 are
located are determined by the parameters f, and f3, respectively. These parameters,
in general, can be variable. The offsets of the workpiece centers are determined by
the parameters a,,, a,,,, and a,,3. The directions of possible offsets are displayed in
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Fig. 10.34. Dependencies for the calculation of increments of lines of action in
coordinate systems Sy and S can be obtained, taking into account the influence of
geometric eccentricity on these increments [36] as well as the angular positions of
the gears, set by the parameters 3, and f:

AFY = AFY 4 esin (B+ a); (10.132)
AFY) = AFY) —esin (B—a); (10.133)
AFZ = AFP +esin(B+a+90° +B,): (10.134)
AFY =AFY —esin (B—a+90° + 4,); (10.135)
AFS) = AFP) 4+ esin (B + a+270° — B3): (10.136)
AFS) =AFY —esin (f—a +270° — ;). (10.137)

Conditions that reflect the synchronicity of rotation of the tool and the workpiece
can be presented in the form

AT = const. (10.138)
The constancy of the center distance is expressed

AHEi) = const. (10.139)
The condition reflecting changes in center distance can be written as:

(i) (i)
) . . ) Aty o+ AL
i _ (i) (i) _ (i) R(j+1) L(j+1)
AHjH—AHj _Aaw(j+l)_AHj — Ssna . (10.140)

The power equilibrium conditions of the elements of an MFTP system, like any
other solids, should reflect the equality of the zero sums of the moments of cutting
forces and reactions of the supports relative to the workpiece axis and the sums of the
projections of forces and reactions on two mutually perpendicular axes OX and OY.

A scheme for forces and reactions operating in general is provided in Fig. 10.35.

Based on this scheme, the condition of the zero sum of moments can be
written as:

oy (AF(L’Q) —AF(L’D -y (Apgg - AFIQ’}) S R: n={2.3},
j=1 j=1 j=1
(10.141)
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Fig. 10.35 Scheme for acting forces and reactions

n
where ) R; is the sum of the reactions of the rigid bonds. In the absence of
j=1

n
connections, — > R;=0.
j=1
Similarly, we can write the condition of the zero sum of moments relative to the
centers of each instrument as:

C,(aF(y - aF() - ¢ (aFg - AFY ) — Ri=o0. (10.142)

In the absence of connections or drive, R; = 0. The condition of equality of zero
land projections of forces and reactions on the axes OY and OX can be written in the
following form (see Fig. 10.35):

{ [(AFL(, AF( ) (AFR0 AF )} sina— [(AF% - AF§3,>) - (AF(LZO) - AF{?)] c0S @ cos B, —
[(AFRO AFC )) (AF{(} AF(LR)] sinasin f, — KAFS)) - AFS,)) - (AFSO) - AF,(S,))] c08 @ cos f; —
—[(ar) - aF()) + (aFG) - AFQ)] sinasing; } + R, =0:

(10.143)
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c, {[(AFLO FiY) - (arg - AFRI)} cosa— [(AF% - arg) - (ar - AF(U))} cos asin f, —
— [(aFQ - aFY)) + (aFE — aFR) | sinacos o + [ (AFE) - AF)) — (aF() — AF()) | cosasingy +

+ [(AFLU AFL1)> (AF(RO AFR1)>] sm(xcos/};}JrR =0;
(10.144)
Finally, the condition of gear continuity, fulfilled in the conditions of application

of rigid communication between tools, can be represented by the following
dependencies:

AFY) = AFP) = AFD); (10.145)
AFY) = AFY) = AFY): (10.146)

The obtained equations are enough to analyze the basic regularities of error
transformations for any of the multi-tool processing schemes shown in Fig. 10.33.
Graphs of change of initial errors depending on the processing time for the consid-
ered schemes are displayed in Fig. 10.36 (solid lines indicate graphs of initial errors
and dotted lines show emerging errors).

In two-tool machining of gears with two (Fig. 10.33, diagram 1) or three
(Fig. 10.33, diagram 7) tools with a rigid kinematic connection between each, the
tool and the gear at a fixed position of the gear axis in space during machining tools
and workpiece rotate synchronously; therefore, AFg; = const and AF;; = const.
This is why in the considered processing schemes, the initial errors are always
corrected regardless of their type (Fig. 10.36a).

When a free to rotate gear, is rotated by several gear-finishing tools with motion-
less axis of rotation (Fig. 10.33, Schemes 2 and 8) for each tool the same conditions
are fulfilled, as at one-tool processing when the gear is leading that for the first time
prof. B.A. Thaits [36]. Therefore, the nature of the error transformation in this case
will be the same as in single-tool processing: the geometric eccentricity will be
corrected by transforming it into kinematic eccentricity. The original kinematic
eccentricity will not change (Fig. 10.36b).

When machining two (Fig. 10.33, diagram 3) or three (Fig. 10.33, diagram 9)
tools with a rigid kinematic connection of tools with each other, free rotation of the
gear when fixing the position of its axis in space is performed:

* The condition of constancy of the center distance between each of the tools and
the gear

* The condition of equality, zero moments of forces acting on the right and left
profiles of the teeth

» The condition of continuity of a gear

Taking into account the previously obtained equations that reflect these condi-
tions and solving them together, we will get

* For two-tool processing:
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AFy; :ZZ(AFLI'_AFR:'>; (10.147)

2
Ang) =7 Z (AFyL; — AFR;); (10.148)
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m_1 .

AT = 3 ?:1 AT;; (10.149)
* For three-tool processing:
m_1y
AFi=¢ ;:1 (AFL; — AFR:); (10.150)
m__1y
AFg; = — 6 ;:1 (AFL; — AFR;); (10.151)
m_ 1%

) _ .

AT = 2 § AT;; (10.152)

The analysis [41] of Egs. (10.147), (10.148), (10.149), (10.150), (10.151), and
(10.152) taking into account (10.138) shows that when processed according to the

considered scheme, the initial errors with the period 2z are completely corrected
’;

regardless of their type, since, in this case, Y, AT;=0 for n = 2 and n = 3, so
i=1

AF (Ll) =AF g) = 0. The graph of error changes is shown in Fig. 10.36c¢. Errors with a

period other than 2z may not be corrected at all (for example, in the case of two-tool

machining with a period (2k + 1)z, where k, an arbitrary positive integer, is required)

or may be partially corrected.

To completely correct the errors of any frequency, it is necessary to change the
phases of the location of the tools during processing. This is achieved using Scheme
6 shown in Fig. 10.33. When processing gears with two tools, by changing their
angular position to the gear (Fig. 10.33, Scheme 6), the demonstrations for
calculations — increments of line of action (10.147) and (10.148) — remain valid
because they are derived for the general case.

The initial errors are as follows:

AF o =1,sin[k(¢ + a)]; (10.153)
AFgro= —I,sin k(¢ —a+ p;)], (10.154)

where [, is the amplitude of error of the kth frequency.
Substituting (10.153) and (10.154) in (10.147) and (10.148), we obtain:

AFp; = %{sin k(¢ + )] + sin [k(¢p —a + B;)]}; (10.155)
AFg = — %{sin k(¢ + a)] + sin [k(¢p — a + B,)]}. (10.156)

Assuming AFy; = 0 and AFr; = 0 in (10.155) and (10.156), we can find:
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k(f; + 2a) = 180° (10.157)

It follows from (10.157) that the choice of f;, for example, by its continuous
change, can compensate for any initial errors. This is a condition for the synthesis of
a new method of processing gears.

Free running of a gear with three tools and an unfixed position of its axis in
space (Fig. 10.33, diagram 11), in addition to the condition of force equilibrium
in accordance with Egs. (10.141), (10.143), and (10.144), performed at Y R; =0,

i=1
R, = P, R, =0, provides conditions of continuous two-profile engagements for each
tool given by Eq. (10.140) as well as the equilibrium conditions of the tools given by
Eq. (10.142).
Solving these equations together, we obtain:

AH,‘ZAHOI —Aaw; (10158)
AT = AT, (10.159)
1 0 P

AFY) = AFY — 3 (10.160)

AFY —Ar© _ P (10.161)
Ri R 3CP . :

Analysis of Egs. (10.158), (10.159), (10.160), and (10.161) shows that the initial
kinematic errors do not change with this processing scheme. There is only the
removal of the allowance on both lines of action. The graph of change in initial
errors is illustrated in Fig. 10.36d.

When machining gears with three tools with a rigid kinematic connection of the
tools with each other, having free movement of the gear with an axis not fixed in
space (Fig. 10.33, diagram 12), the following conditions are met:

» Power balance of the workpiece (10.141), (10.143), and (10.144)
* Continuity of the gear (10.145) and (10.146)
» Constancy of center distances between tools (10.139)

Solving these equations, in view of the conditions (10.132), (10.133), (10.134),
(10.135), (10.136), and (10.137), we obtain the following equations for calculating
the increments of the lines of action of the processed gear:

AT = 1 [(ZATI — AT, — AT3) cos a — V/3(AH, — AH3) sina+ AT + AT, + AT3] :

3
(10.162)

Al _ 20H sina — (AH, + AH3) sin*a +\/3(AT, — AT3) cos’a_ (10.163)
! 2sina + 3 cos2a + sin’a ’ '
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AR {f 2AH, sina — (AH, + AH3) sin2a + v/3(AT, — AT3) cos 2(1] na
R 2sin a + 3 cos 2a + sin%a
cosa
3

[(2AT1 — AT, — AT3) cosa — V/3(AH, — AH3) sin%a + AT, + AT, + AT3} ;
(10.164)

Ap() _ [2AH, sina+ (AH, + AH3) sin2a + v/3(AT, — AT3) cos 2a i
L= 2sina + 3 cos2a+ sin’a
cosa

3

[(ZATI — AT, — AT3) cos2a — V3(AHs — AH3) sina+ AT, + AT, + AT3] .
(10.165)

Analyzing Eqgs. (10.162), (10.163), (10.164), and (10.165), we can show [41] that
when processing gears according to the considered scheme, the geometric eccen-
tricity is not completely corrected (AH ,@ #0). These practices confirm this [9]. The
initial radial error can be increased by converting the kinematic eccentricity into the
geometric one. This means that the considered processing scheme exerts a reverse
effect on the observed one when machining with one, two, or three tools in free-
running conditions and a fixed gear axis. The graph of change in the initial errors is
shown in Fig. 10.36d.

The analysis shows that the schemes of multi-tool processing differ significantly
in terms of the nature of the transformation of the original errors. The most complete
error correction can be achieved when machining gears with a rigid connection
between the tools and the gear when fixing the gear axis during machining. How-
ever, tools for machining with a rigid kinematic connection between tools and the
gear are usually complex, rigid, and inaccurate, given that in their dividing circuits,
as a rule, there is a spatial transmission or a complex electronic device such as an
“electric shaft.” Therefore, in many cases, it is more expedient to use methods of
processing by two or three tools with a rigid kinematic connection, with free running
in of a gear and a fixed position of its axis in space. Such methods, as the tool axes
can be parallel, are implemented by simple devices that contain high-precision gears
in their dividing circuits. In some cases, in order to control the relationship between
tangential and radial errors, it is advisable to use functionally redundant devices that
would implement some or all of the described processing schemes.

10.4.2.2 Precision Control by Changing the Positions of the Base
Surfaces of Gears

The accuracy of gears controlled by changing the position of the base surfaces is
usually performed after chemical heat treatment operations [23]. The task is to
restore the positions of the base surfaces (central hole and end face, necks, center
holes) so that the errors of the ring gear measured relative to these (restored) surfaces
are minimal. If the bases are incorrectly restored, then the center of the ring gear may
shift from its optimal position along three mutually perpendicular axes, namely, e,,
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ey, and e,, as well as rotations around the same axes by the angles v, y,, and y.
Offsets along the axes OX and OY will cause increments of the lines of action

AFr=,/e} + e}sin (¢ + &+ a); (10.166)

AFL= — /e +e2sin(p +&—a); (10.167)
These increments, in turn, will increase the magnitude of the kinematic error

2 /el + el

The offset e, along the axis OZ will not increase the kinematic error, as measured
in the axial plane of the gear; however, it can change the size, shape, and location of
the contact spot in spatial transmissions that prevent movement “by themselves”
along the central axis, such as conical hypoid, spherical, and others.

Rotation around the axis OZ also does not cause any additional errors in round
gears due to the fact that their dividing surface is the body of rotation. However,
rotations around the axes OX and OY will cause changes in the contact spot in all
cases and kinematic errors in the case of an asymmetric location of the crown on the
hub. These changes will be as follows: let Xo7 = fi(u2, v2), Yor = f2(us,v5), and
Z>1 = f3(us, v>) be the equations of the surfaces of the teeth received for the operation
of restoring the bases, for example, after chemical-thermal treatment. Then, for
round gears, we can write the equation of the radius vector of the coordinates of the
teeth relative to the new base

Farr = Ma, For, (10.168)
where

cosAy 0 sinAy
My, =| 0 1 0 | (10.169)
sinAy 0 cosAy

Ay =, /Ay? + Ays;. (10.170)

From Eq. (10.168), taking into account (10.169) and (10.170), up to small first-
order smallness, we can find [38]:

AFp = — AFg =f(u2, v2) Ay sin (z, + B,); (10.171)

where

7 is the angular pitch of the teeth.
n is the number of the tooth on which the error is measured.
. = const is the error phase.
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Increments (10.171) cause changes in the error of the direction of the tooth by the
size

Fpu r)= —byAy, (10.172)

On the other hand, increments of the lines of action will increase the kinematic
error by [38]:

Fly = e, Ay, (10.173)

In Egs. (10.172) and (10.173), b,, is the gear width and e,, is the distance from the
center of the skew to the center of the gear.

The shape and relative position, as well as the size of the teeth when changing the
position of the base surfaces, do not change, so the smoothness and backlash in the
transmission also do not change (although the gap itself, as seen from (10.166) and
(10.167) changes), measured independently of the positions of the bases (for exam-
ple, on tooth thickness, the size on rollers, length of the general normal). Based on
the above, we can draw a conclusion that the optimal performance of operations to
change the position of the base surfaces will happen if the errors characterizing the
kinematic accuracy and contact spot in the transmission are minimized.

The reference surface of a real gear can be significantly different from a round
one. Its contour can be described with sufficient accuracy by the Fourier equation
[23]:

ro=ry +ap+ Zai sin (i, + f;), (10.174)

i=1

where ry; is the nominal value of the radius of the dividing surface in the calculated
cross section of the end plane and a;, i € {0, 1,...,n} is Fourier series coefficient.
The contour of the longitudinal line of each tooth can be described similarly

AFﬂrTOZaO+Zak sin (kb + ). (10.175)
k=1

The equation of a circle of radius ryg shifted relative to the center by a quantity ey
with phase f7 has the form:

VOH:rH—A+eTsin(¢2 +ﬂT) (10176)

Taking into account Egs. (10.174), (10.175), and (10.176), as well as dependen-
cies (10.166), (10.167), (10.169), and (10.170), the problem of optimal control of the
accuracy of tooth processing in the considered operations (passes) can be written to
find ez, Br, Ay, and S, based on the conditions:
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Fig. 10.37 Device for centering and clamping of gears

max (ro —ry) — min; (10.177)

qu;x [(A~/IA,,, -?27) — rH} — min . (10.178)

The problem has a numerical solution. Various devices can be used for the
technical implementation of this task [23]. In accordance with Egs. (10.177) and
(10.178), devices must provide a choice of extreme points and base them on the
workpiece. If a gear element (subsystem) is proposed at each point to make a
potentially possible contact and these elements can be combined with a single
drive, then using 7.1, an automatic device can be synthesized, the general view of
which is shown in Fig. 10.37 in two mutually perpendicular projections.

The device comprises shank 1, which is fastened to housing 2. Three gear disks
3,4, and 5 are coaxially mounted on the housing. A wedge mechanism is provided
for the angular displacement of toothed disk 4 around its axis. Cam 6 of this
mechanism has the shape of a trapezoid in the tangential plane, i.e., a plane passing
through the cam perpendicular to the radius. Cam 6 is mounted with axial movement
onto the grooves of the housing and is connected by rod 7 to rocker arm 8. Rocker
arm 8 is hinged to rod 9 of the drive, which can be, for example, a pneumatic
cylinder. To unclip installed gear 10, spring mechanism 11 is provided, which
returns toothed disk 4 to its original position at the upper position of cam 6.
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Centering and clamping of the gear of the chuck is performed as follows: gear
10 is installed in the cavities of the gears with emphasis on the end surface of the
device. Then, the drive is switched on. The drive receives axial movement of rod
9 with rocker arm 8. Rocker arm 8 moves cam 6. This cam, resting on one side of the
housing with the other interacting with toothed disk 4, makes it rotate around its axis.
Due to the rotation of disk 4, a choice of the gap between the teeth of gear 10 and the
teeth of gears 3, 4, and 5 is provided. As a result, gear 10 is centered and clamped by
the teeth of the gears. Because clamping disk 4 rotates relative to its axis and the
pressure angles at all possible points of contact, determined by the tooth groove
profile of discs 3, 4, and 5, exceed the friction angles, self-centering is ensured at any
position of gear 10. The grooves of the gears can have a trapezoidal shape, which
minimizes the radial beating of the ring gear or a shape congruent with the tooth
profiles of the machined gear, which minimizes the oscillation of the measuring
center distance for gear rotation. After clamping gear 10, the bases are processed and
changed relative to their original position.

In some cases, when there are no devices as described above, the optimization of
base recovery operations is performed by taking into account the use of traditional
multi-cam cartridges [23]. The task of minimizing errors in these cases is to solve
two problems: reducing the radial errors of the chuck surface and eliminating or
minimizing the influence of the initial errors of the workpiece on the centering
process. Methods for solving this problem are described in detail in the studies by
Ternyuk et al. [37] and Ternyuk [38]. It was experimentally proved that, by
optimizing the processes of restoration of base surfaces, it is possible to increase
the accuracy by 2-3 degrees (for carburized gears) [23]. Studies show the possibility
of significant changes in errors in operations for the treatment of base surfaces.

10.4.2.3 Influence of Process Input Parameters on the Final Accuracy
of Gears

In relation to the process, the input parameters are those that characterize the
workpiece as well as the technological environment. The influence of the environ-
ment is taken into account in each pass of the tool. Therefore, at the process level,
this factor can be studied by summing up the effects of each pass (stroke), which is
discussed below. The parameters characterizing the workpiece have direct and
indirect effects on accuracy. The direct effect can be detected by the errors of the
base surfaces directly determine the values of the errors of basing (matrix compo-
nents M A2), and that in case of insufficient allowance, according to Eq. (10.24), the
tooth profiles will be “black”. Indirect influence is expressed through the influence of
force, temperature, wear, and kinematic errors.

Based on the study of the direct influence of the parameters of the workpieces on
the errors of basing [36], one should consider the influence of these parameters on
the possibility of processing without “blacks.” Based on the method in the study by
Ternyuk [38], we consider two offset diagrams of changes in the mean Ayq, radial
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Fig. 10.38 Determination of the estimated allowance

increments within the gear speed Ay, with the lines of action of the gears entering the
operation from (i — 1)th during the sub-adjustment period T,,. Here, Ay is the error
of the size of the machine.

These diagrams are shown in Fig. 10.38, which, in turn, shows the coordinate
systems AHO¢ and graphs of changes in the angle of rotation of the gear of the
periodic components of the radial increments of the lines of action of the gear.

The location of the coordinate systems AHO¢ corresponds to the boundary points
of the chart at the time of processing (¢t = 0)at time ¢t = T},.

From the upper point of the graph AH = f(¢), the possible error of adjustment A
of the machine realizing i-th operation, on the size is postponed, and from the
bottom — depth of defective layer of surfaces of teeth h,. The closing link of the
constructed dimensional chain corresponding to the general-type MFTP system is
the ultimate calculated (not actual) allowance h,,, which must be adjusted to remove
the machine to process the entire batch of gears without traces of blackness. It
follows from Fig. 10.38 that the value of the calculated allowance is affected by
the following errors:
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* Periodic increments of the lines of action caused by errors of both the previous
operation and the installation on the considered operation

* Scattering field of medium-sized gears coming from the (i — 1)th operation

* Errors of adjustment of the size of the machine

» Depth of the defective layer of the tooth surfaces

By detailing the structure of the MFTP system and setting dimensional prices
between elements, each of these errors can be presented through others. Thus, the
periodic increments of the lines of action of the treated gear are affected by:

» The initial periodic increments of the lines of action, arising on the (i — 1)th
operation AF,;_1,

* The radial error of basing the workpiece e,,; directly on the machine performing
the ith operation

* The radial beating of the adjusting and clamping device — e,,;

» The part Fg,;_;, of the error of the direction of the tooth of the gear (taper and
other components), having a period of manifestation for the rotation of the gear
less than 27

* The duration of the inter-adjustment period Ty,

The scattering field of medium-sized workpieces depends on:

» The error AH;_, of adjustment to the size of the machine performing the (i — 1)
th operation

* The error Ab;_,, of execution of the size by the preconfigured machine

* The duration of the inter-adjustment period Ty,

The error of setting up the machine to the size can be determined if the following
are known:

* Error of setting the center distance Aa,,
* Non-parallelism of the machine table in the radial plane Ay,

The depth of the defective layer h, is determined by the requirements for the
quality of the tooth surfaces and is usually determined by the condition:

hy = max { Ahy, Ay} + Ah, (10.179)

In Eq. (10.179),Ah,, Ahq are the values of “ripples” [36] and cut profiles,
respectively, and Ah, is the depth of a continuous layer of material with inadmissible
structural transformations.

These components are summarized in Table 10.5, which shows their transfer
coefficients and distribution laws.

The table shows u;;, u;, — the transfer coefficients of the influence of the primary
errors on the radial and tangential planes, respectively, which are the calculated
allowances. The first is necessary for the organization of processes with a two-profile
machining scheme, including the free-run method, and the second for processes with
a single-profile machining scheme by methods that provide a rigid connection
between the tool and the gear.
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Table 10.5 The characteristics of the primary errors affecting the estimated allowance

Gear ratios | Law of

Ne. | Name of the primary error Designation | u; Up distribution

Vector errors

1 | Fluctuation of the measuring center F ’{r(F 0 1 - Rayleigh’s law
distance

2 | Single-profile kinematic error F ’“(F 1 - 1 Rayleigh’s law

3 Radial base error epi 1 1 Rayleigh’s law

4 Radial beating of the device €ni 1 1 Rayleigh’s law

Scalar errors

1 Size execution error on (i — 1)th Api — 1y 1 2tga | Gaussian law
operation

2 Size execution error on (i — 1)th Api — 1y 1 2tga | Gaussian law
operation

3 Effective part of the tooth direction error | F Zr( i—1) m 1 Gaussian law

4 Error of machine settings on the ith Ayi 1 2tga | Gaussian law
operation

5 | Nonparallel movement of the machine Agp 1 - Gaussian law
table Aor - 1 Gaussian law

In the radial plane
In the tangential plane -

Systematic errors
1 Depth of the defective layer h

As known, when summing up the vector errors, the total errors will be distributed
according to Rayleigh’s law, and, when summing up the scalar errors,the total errors
will be distributed according to Gauss’s law. Therefore, based on the study by
Ternyuk [38], the law of distribution of the allowance can be represented by a
composition of the laws of Rayleigh and Gauss, and, then, the probability density
of the distribution of the permitted allowance I, is:

hg hy 2
Op (HP —AX - 2sina> (HP —AX - 2sina)
= exp

) =
q( p) (62+62>,/62+62 2(02—|—02)
P r P r p r

n 2
where 6, = & [ > {6, 48h§i + (1- hg,-)z} AZ here, A; are the error values that are
i=1

. (10.180)

numerically equal:

* When calculating the allowance for processing gears by free-running methods
according to the two-profile scheme:

(F:’r - —bq’2TM>; epi = max {Ad; Apen};  en
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* When calculating the allowance for machining gears on machines with a rigid
kinematic connection between the part and the tool:

<F§’r — bQ)ZTM tg a); epi = max {AS;tga; Ayeptgal; eniga.

Here,

be is the coefficient of the influence of time T, on F’ f’, in the regression equation;

AJ;, Ay; are the algebraic differences of radial errors of basing and angles of the
skew of preparation on (i — 1)th and ith operations, respectively;

ex is the greatest distance from the center of the ring gear to the point of intersection
of the axes of the mandrel and the gear

" 2
1 , ’ ) AD,b FAr(i—l) .
Gr:g\/AB(i—l)+(AH(i1>+bHTM) + Ay + ( Lb: + 2sina

1 AD,b + FZr(i* 1)} .

AX =3 |:AB(1' )+ Aui-1) +ouTy + Api +

2 Lyy 2sina
Here, L,y is the base length determined by A®,, and
by is the coefficient of influence T, on Ay; in the regression equation.

Dependencies for the calculation of 6,, ¢,, and AX are made taking into account
the linear change of primary errors over time, which was experimentally proved in
the study by Krivchenko [15].

Integrating expression (10.180) and solving it relatively, we obtain the value of
I, as follows:

100 h
i I (10.181)

+a 2sina’
P,/cl + o}

where P is the permitted probability of the actual value of the allowance beyond the
calculated value.

Dependence (10.181) is the basis for calculating the optimal allowance for
finishing gears. On the basis of this dependence, it is possible to analyze the possible
schemes of arrangement of allowances and tolerances on them. Figure 10.39 shows
the traditional layout of allowances for multi-operational processes.

A feature of such a scheme is the presence of a guaranteed minimum allowance,
which must be removed. However, it can be established that such a layout is not
optimal for either the achieved accuracy or the complexity of machined gears. Given
condition (10.24), as well as the linear relationship between the allowance [/,] and

I, = 2(0% + a%) In
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Fig. 10.40 Optimal layout of allowances

labor intensity and the need to obtain a defective layer on the surfaces of the teeth
that is no more than permissible, the most rational layout of allowances can be
depicted as shown in Fig. 10.40.

Ways to ensure the implementation of the scheme in Fig. 10.40 can be identified
by analyzing Eq. (10.181) to calculate the allowance. It is obvious that the allowance
can be reduced by minimizing all errors included in Eq. (10.181). In order to develop
measures to reduce these errors, it is necessary to know the patterns of their
occurrence. The main factors causing the harmonic increments of the lines of action
of the processed gear, especially radial, are the errors of basing. Therefore, an
important measure to reduce the allowance is to minimize the harmful effects of
basing errors.

When machining different parts, it is often advisable to use the principle that all
operations involve the use of the same surfaces as a base. When machining gears,
this principle is often irrational or impossible due to the geometric features of the
crown, the presence of operations to restore the base surfaces, and the conditions of
formation [9].

It follows from Eq. (10.144) that if the conditions A~4A2,~ :]\~4A2<,»+1), i€
{1, ..., n}are observed in multi-operational (multi-transition, multi-pass) processes
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and in base recovery operations to ensure M Am = — M A2, Where M Am = — M A5 1S
the matrix reflecting the skew and displacement of the part in these operations, then

A¥, — min, h,— min. (10.182)

To ensure A7IA2i :A~/IA2(i+1>, i.e., Eq. (10.182), it is necessary to have the same
installation errors (basing and fixing) at each tooth machining operation. Moreover,
they do not have to be minimal. This makes it possible to significantly expand the
tolerances on the base surfaces of the workpieces during their intermediate
processing. For example, if this principle is not met, then the tolerances on the
workpieces are limited by the kinematic errors and the errors of the contact spot. For
the most common medium-modular gears of 68 degrees of accuracy, they are
0.02-0.05 mm.

At the same time, in compliance with this principle, the limiting factor is not
the accuracy of the gear but the consistency of the depth of the carburized
(nitrocarburized) layer on the base surfaces. For medium-module gears, the permis-
sible fluctuation in the depth of the carburized layer is 0.2—0.5 mm. This means that
the implementation of the principle of optimal basing allows one to expand the
tolerances on the base surfaces of the gears by up to 10 times. Due to the expansion
of these tolerances, it is possible to significantly build up the procurement
subsystem.

The principle of optimal basing can be made possible in two ways: active and
passive. The active path involves measuring installation errors in the previous
operation and then reproducing them in the subsequent one. Its implementation
requires appropriate measuring tools and mechanisms for small movements, which
can provide an accurate restoration of the position of the technological axis. The
passive path involves the processing of gears in intermediate operations relative to
the same technological axis. With great accuracy, the passive path is realized through
the use of satellite mandrels as well as combined instruments. An example of the
effective use of satellite mandrels is the processing of gears on the ROTA-FZ-200
system [30]. A general view of a high-rigidity satellite mandrel is shown in
Fig. 10.41.

The figure shows: 1 — base surface and 2 — installation cone.

An example of the use of combined tools is a circular broach with internal teeth,
equipped with profile spring-loaded rollers.

Fig. 10.41 Satellite !
mandrel with increased

rigidity ]

o

)
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The scattering field of a medium-sized gear can be reduced by [38]:

* The optimal setting of machines performing the (i — 1)th operation
* Reduction of inter-adjustment periods

» Use of one setting to perform the (i — 1) th and i th operations

» Adaptive control settings

The optimal size adjustment of gear cutting machines can be performed according
to universal methods [32]. Algorithms for calculating the optimal levels of tuning
of certain types of gear processing machines are described in the study by
Ternyuk [38].

Most gear machines allow many limb parameters to be adjusted. The methods for
reducing sizing errors, when setting limb distances, are the same for all machines.
Therefore, to address this issue, applying the recommendations provided in the study
by Solomentsev et al. [32] is required.

Shortening of the inter-tuning periods reduces the length of the scatter plot.
Optimality is provided at the automatic sub-adjustment of the machine after
processing each detail. The calculation of the optimal parameters of the
sub-adjustment can be performed by known methods, for example, those described
in the study by Solomentsev et al. [32].

Using the same setting to perform the (i — 1)th and ith operations is possible when
using combined tools, for example, in the aforementioned circular broach.

Adaptive control of the setting of gearing machines can be provided by the use of
special devices, for example, such as those in the study by Solomentsev et al.
[32]. The method of controlling the adjustment of gear processing machines is not
fundamentally different from the method of controlling the adjustment of other
machines. Therefore, the results presented in the study by Solomentsev et al. [32]
and other works can be used.

The depth of the defective layer h, can be adjusted by changing the processing
modes, tool geometry, coolant, and a fundamental change in the type of operation
performed before the considered. This determines the ability to control the value of
the allowance in order to minimize it. The minimum value of the allowance (I1,min)
is provided by the integrated implementation of these measures. Moreover, the value
I1,,min required for machining parts without traces of blackness is not the same for
different processing methods. It can be as small as desired with a corresponding
reduction in the parameters included in the dimensional chain containing II,.
Therefore, it must be determined by the general parametric optimization of the
technological system.

Thus, the studies presented in Sect. 10.4.2 show that the possibilities of control-
ling the accuracy of gear processing at the level of the technological process are
determined by the capabilities of the operations included in the process and the
parameters of the original workpiece.

Now, we proceed to considering the operation level of accuracy control.
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10.4.3 Operational Accuracy Control

Both at the process level and the operation level, accuracy control can be achieved
by changing the structure and parameters. The elements of the structure of the
machining operation include the following:

» The type of transition used (elements X;)

* The number of transitions used

* The connections between transitions, determined by the order of succession of
transitions as well as the interaction of their parameters

The parameters of the operation are as follows: parameters of structure, modes,
input and output parameters of the workpiece, and others.

The types of transitions used in gear machining operations are strictly limited. As
a rule, these are the transitions of installation (I1,), removal (Il.), machining (I,
and control (ITg). A reinstall transition (I1,) is also possible.

The general structure of the operation can be described by a symbolic model:

0,=nM;, i€ {y c,MK,n}. (10.183)

From this model, one can obtain any particular kind of transition sequence.

Machining transitions have the greatest influence on the formation of accuracy.
The nature and content of machining transitions determine the nature and the name
of the operation. The minimum composition of the operation follows from (10.183):

0, =TI, NIy NTI,. (10.184)

Processes with gear reinstallation are practically not used in the practice of gear
processing. However, they are possible, and, in some cases, they are appropriate.

In view of Eq. (10.184), it can be noted that the main possible way to control the
accuracy of machining gears at the level of operation is the choice of machining
transitions.

10.4.4 Precision Control at the Machining Transition Level

The structure of a transition is determined by the type, number, and sequence of
passes as well as the relationship between them and their parameters. The transition
parameters are structure, mode, and input and output parameters of the workpiece.
The type of passage (working stroke) is determined by the level of concentration of
the technological impact. A large number of different types of passes allow control-
ling the accuracy within a wide range. The number of passes affects the accuracy of
processing due to two factors arising from the analysis of the general model of
occurrence and accounting of errors (Fig. 10.1) as well as Eqgs. (10.23), (10.24),
(10.25), (10.26), (10.27), (10.28), and (10.29):
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» Changes in cutting forces and temperatures, which lead to changes in the recov-
erable deformations and wear of the tool within the processing of all teeth of the
gear

* Changes in the magnitudes and phases of tool errors, which lead to a change in
the position of points with extreme values AF and cutting sections of the profiles
of the teeth of the gear’s most protruding parts of the tool when moving the
contact point on the tool surface

With regard to the processing of gears, one can write:

Arf:s = C P
np

(10.185)

In (10.185):

A is the residual error.

A is the initial error.

C,p is the reduced rigidity of the MFTP system.

f{x) is a function of dependence of force P, on the depth #, of cutting.

Figure 10.42 illustrates the change in residual deformation from the number of
tool passes.

The graph of change of the recovered thermal deformations described by depen-
dence has a similar character:

Ares = Zl 27e; [ (t, + Do) — To)s (10.186)

In Eq. (10.186), ¢p(x) is a function of the dependence of temperature on the depth
of cutting.

The only difference is the relatively smaller effect of temperature deformations
compared to that of force deformations.

Fig. 10.42 Graph of |
change in residual A |
deformation
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Fig. 10.43 Graph of oiprp |
functions on two passes of ' 2, (o+h)
the tool
27
0 -—
@, (p+f) @D, (p+[)

The mechanism of change of accuracy of gears due to a change of a phase and/or
amplitude of errors of an MFTP system at repeated passes works differently. It is
shown at a rather small giving on incision or their absence. It is explained as follows:
each pass of the tool corresponds to its function of excessive increments of the line of
action:

AF ;35 =i(¢ + ;). (10.187)

In general, function (10.187) changes both in shape and in phase when
performing repeated passes, i.e., @@ + p) # Py + 1) (@ + B + 1)), where i, (i + 1)
are pass numbers.

Figure 10.43 shows two functions corresponding to two tool passes for a partic-
ular case in which the type of function does not change.

The kinematic error of the processed gear (F},) is characterized by the scope of the
function ®«(¢ + ;). Given the periodicity of this function by the angle of rotation,
one can write:

Fi. = max @ (¢ + f;) — min @, (¢ + f,);
Fi, = max [® (¢ + ) ND2(¢ + f,)] — min [@(p + ;) N Do (¢ + )]

ﬁ Qi(¢p + py)

i=1

F!, = max — min [ﬂ;’zl(bi((ﬁ +/’7iﬂ’

(10.188)

where n is the passage number.

Cyclic errors are characterized by the same dependencies but within the range of
angle ¢ change by one angular step. If we take into account that the protruding
sections of the profiles are cut during repeated passes, as the other sections are
already cut (Fig. 10.43), it is not difficult to see that by changing the phase f; of
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Fig. 10.44 Examples of changes in a single-profile kinematic error depending on the number of
passes of the tool

function relative to the function ®(¢ + p;) phase ®; _ (¢ + p; _ 1) and not
significantly changing the function F’  values in accordance with Eq. (10.188).
Figure 10.44 shows two examples of changes in a single-profile kinematic error F’,,
for cases in which the functions (¢ + f;) are described by sinusoids of the form
a; sin (¢ + ).

Figure 10.44a corresponds to the case in which the period of the function
corresponds to 2z, whereas Fig. 10.44b corresponds to %n. The first case can be
implemented on any gear machine by reinstalling the workpiece, sequentially
rotating it by 90° on each pass. The second one can be implemented when gear
shaping with the numbers of teeth of the tool z; and the processed gear z, determined
from the ratio 2 = 5.

These examples show that the practical implementation of the effect of improving
the accuracy of repeated passes can be performed in many operations. In some cases,
optimization is achieved by measuring or predicting the function ®;(¢ + ;) on each
pass and then by finding and implementing the optimal phase f; of displacement of
the tool or gear according to the condition F},, — min. In other cases, accuracy can
be automatically increased by carrying out nursing work moves without interrupting
the processing.

Let us find the conditions under which the specified effect of an increase of
accuracy on repeated working moves of the tool is realized. Based on the analysis of
Fig. 10.43, we can establish that to implement the effect, it is necessary to ensure:

» Changes in the shape or phase of the function ®;(¢ + ;)
* No cutting at points corresponding to min®;(¢ + ;) to a depth greater than
max®(¢p + f;) — max [Di(¢ + ) () P + (P + B + )]

Changing the shape of the function ®(¢ + ;) is characteristic of abrasive
machining processes in the best manner possible, when each stroke significantly
changes the shape of the tool due to its re-editing. Changing phase j; of the function
@,(¢p + ;) can be carried out in almost all gear processes. The absence of cutting at
the points corresponding to min®,(¢p + f3;) to the specified depth can be carried out
only in processes in which technical means for stabilizing synchronous rotation or
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mutual angular position of the tool and preparation (rigid kinematic communication,
connected masses, etc.) are used. For processes that do not have such devices
(carried out by free-rolling methods or with braking of the workpiece or tool),
cutting occurs at all points of the profiles, at least on one side of the teeth. Therefore,
for such processes, the considered effect cannot be fully realized. Obviously, the
smaller the difference, the less accurate the process will be

A= { max ®;(¢p + f;) — max |D;(¢p + ;) N Dy <¢ +ﬁ(i+1)>} } — Imin s
(10.189)

where ?,;, is the depth of cut at the corresponding points min®,(¢ + f3,).

When A* < 0, the process of formation will be unstable, i.e., diverging in
accuracy. Instability is inherent in the processing of the involute and other profiles
by methods of free running or braking of the workpiece. This is due to the fact that
with such processing methods, the cutting conditions that determine the cutting
forces are not the same at different points of the tooth profiles [34, 41]. The greatest
removal of metal with a constant force of pressing the tool to the workpiece occurs at
the foot of the tooth. Therefore, in such cases, even when processing absolutely
accurate workpieces, the errors of the tooth profile may increase along with increas-
ing the number of passes. Figure 10.45a illustrates what has been said.

According to previous studies [41], it can be stated that the absolute value of the
error asymptotically tends to its limit, which provides dynamic stability (not
corresponding to the minimum processing error).

Improving the accuracy of the gear profile during machining by free-running and
braking of the workpiece can be achieved by eliminating the factors causing
condition (10.189) or by changing the beginning of the development phase of the
unstable process. Elimination of the factors causing condition (10.189) is possible at
the expense of management of the sizes entering into dependence.

The value ¢ is the easiest element to control. A change in ¢ can be achieved by
forcible rotation, creating uneven braking of the workpiece or by changing the

I |
mif A} m(4)
2.0 1.75

Fig. 10.45 Error change diagrams
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design of the tool so that at a constant pressing force, the tool at different points of
contact with the workpiece profile provides constant removal of material.

It is possible to change the beginning of the phase of unstable development of the
molding process, for example, by pre-modifying the workpiece allowance [41]. The
graph of change in the error of the tooth profile during repeated passes of the tool in
this case has the form shown in Fig. 10.45b. The graph is drawn for the case of
processing the workpiece with an increased allowance at the foot of the tooth.

Various measures to increase the stability of the molding process when machin-
ing gears by free rolling or braking the workpiece (tool) are described in detail in the
studies by Sukhorukov [34], Ternyuk [41], and other works. The method of
processing that provides the highest accuracy in the implementation of a partially
stable process is described in the study by Ternyuk [41].

The obtained laws are the basis for choosing the kind and type of machining pass
as well as the purpose of its number.

10.4.5 Control of Accuracy at the Level of Passage during
Mechanical Processing of Teeth

10.4.5.1 Analysis of Factors that Allow Variation

It is possible to identify the factors that allow variation at the level of the machining
passage of teeth on the basis of the model of occurrence and accounting of errors
(Fig. 10.1), general equations of real tooth profiles (10.23), (10.24), (10.25), (10.26),
(10.27), (10.28), and (10.29), and Sect. 10.4.1. It follows from the latter that a
passage is an elementary structural formation of the process and is not structured
itself. At its level, accuracy can be controlled only by changing the parameters.
Based on Egs. (10.23), (10.24), (10.25), (10.26), (10.27), (10.28), and (10.29), it can
be established that at the level of passage, the control parameters are those that
determine:

* Movement of the end parts of the machine

* The shape of the producing surface

* The recoverable deformations of the teeth of the processed gear
* The blank

These parameter groups can be controlled in many ways implemented by differ-
ent devices. The first three groups of parameters allow variation to directly counter-
act the abovementioned primary errors. Therefore, many methods of adaptive
accuracy control based on the principle of compensation can be built on their
basis. The fourth factor — the initial parameters of the workpiece — determines the
magnitude of the primary errors, the possibility of processing the gear without traces
of “blackness” (Eq. (10.24)), and the position of the measuring axis.
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10.4.5.2 Compensatory Methods of Adaptive Accuracy Control

Using the general equations of real tooth profiles, we obtain the basic equations that
reflect the laws of error compensation.

It is obvious that the system of Egs. (10.23), (10.24), (10.25), (10.26), (10.27),
(10.28), and (10.29) is valid for any values of the given primary errors and param-
eters of compensatory effects, including equal to zero. This meets the conditions of
nominal shaping and can be written as:

Top =T20; (10.190)
2o =T2i; (10.191)
Fai = MsunTui, (10.192)
Ofiy _ OFiy ~ -1 8A7IZHH _
Msyy—=-—"" =0; 10.193
(au oy ) \Memn =54 T (10.193)
OFiy _ OF ~ 1 OMsuy
) (i) e oo
Mspy =My - My - My (10.195)

Taking into account Egs. (10.190), (10.191), (10.192), (10.193), (10.194), and
(10.195), based on the account of the components of the first order (if smallness, we
will look for the required equations as follows: convert the matrix My to the form:

Ms= Mgy + Msyo - AMay + Moy - AMay - My - Mgy + MM, (10.196)
+Mspo - AMko,

In Eq. (10.196) AZ\~4A,~ :1\~40,- — E, where E is a single matrix.
Then, the expression for 7,¢ will look like

oo =Tt + Mo - AM a1 - T + Moy - AMag - My - My, - Fiyg 4 Msgo(AFy + AF i)+
+AMg -Tig +Mspo - AMgo -Tig + AMps - Tog — AToyr + ATk
(10.197)

The equations of relations after transformations can be reduced to the form:

87211[ — 8?2H - a7zy 872].] _— = 872[.1 872;] afzy -
X . M, X . M, x . X K
gu NGy, TM G g, TMUN T S S, Kt
+5r2H xNy-Ky+ M, x Oron ‘K1 +M;xN,-K,=0;
Ou ov

(10.198)
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0Ton OTon aVZH 0Tam — Ofy Ofy _ Oy —
x Ny - M, x M, %N, - X L
Ou ' oy + M ov Oy M Oy + Ou ov 1+
+a72H XNL -Zl +M1 X o7 el 'Zl +M1 Xﬁl -Zl =0.
Ou ov
(10.199)

where the dependencies for calculating K|, L;, M, u N, are in the following forms:

= 7 .BAIT/[AI = 5A~/I>;H0. ~ =
K1 =Mspo 3% Fig + 36, AMpy - T+
~ ~ O(My My, - F _ v, SO
+M2H'AMAH'M+M2H'aAMAH'MH'MH1'71H+
0¢, 0¢,
My 51‘712110. - ~ aAMAKZ.—
+ 39, “AMa; My - My, - rlH+ 645 - AF+ 34, AFig + Mspo - 34, Fig +
OMsno & - OMay OAMaki . .
+ 3, AMaga - Tin + 3, “AMgs - My - My - Fig + 3, T1H;
(10.200)
Ly =Mspo - 0AMs1 “Fin+ %'AMAI “Fie+
Oy oy
~ ~ My My, T - Urw ~
+M2H'AMAH'%+M2H‘aAMAH‘MH'MH1'71H+
+ aMZH'AMA] My - My, Py + aMZHO-AﬂHr aMZHO-AﬂKJrMEHO'M'?]HvL
oy oy oy oy
+ %'AMAIQ “Tim+ Moy AMakz - My - My - Fig + OAM sk ‘T
Oy Oy Oy
(10.201)
— ~ ~ oF 7 ~
My = Msgo- AMp - alH + Moy - AMpy - My - My, - e 1H 4 Mo
_ u u (10.202)
.aAl’li_i_M .aArlK.
Oou =HO Ty
%M~ o~~~ oFm -
Ni= Msgo - AMy; - alH +Moy - AMpg - My - My - a]H + Msho
_ v (10.203)
aA}"]l aArlK
+ Misgo - .
“Ov oy

In special cases, the equations of connection can be simplified by equating to zero
the terms containing the products of derivatives or errors and derivatives. Such cases
correspond to the consideration of the conditions for compensation of low-frequency
errors, for which small errors and their first derivatives are provided. At high
frequencies (2 > 3 and more), these terms can no longer be neglected. Equa-
tions (10.197), (10.198), (10.199), (10.200), (10.201), (10.202), and (10.203) pro-
vide answers to the main questions of the error compensation theory considered
below. In this theory, which underlies adaptive methods of accuracy control, the
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central task is to determine the structures and elements (parameters) of the matrices
AM k1 and AM k2, as well as the increments of the radius vectors 71x and 7k, the
known values of other parameters included in Egs. (10.23), (10.24), (10.25), (10.26),
(10.27), (10.28), and (10.29), based on the condition of obtaining the highest
accuracy of processing.

Since the highest accuracy corresponds to A7j, =0, the validity of the equations
of relations, the general equations of the theory of compensation of errors can be
written in the form

Mspo - AM ) - Fiyg + Moy - AMay - My - My, - Fiy +1‘~/12H0(A71i + AF1x)+
+AMg1 - Tig + Msuo - AMgo - Tig + AMas - Tog — Aoyt + AFx — 05

(10.204)
572].] — 572[.1 — 672].1 8721.1 N — 872].] 572].1 572[.1 —
du N g, T 3 B, TN e Y o0 Y Ty T
SRCLETINY AN SN RCLETES S % A Y
ou ov
(10.205)
8721.1 — 8?211 — 5?2H 5721-1 —  — 8721-1 8721-1 a?zH —
XN - M, x . M XN, - X L
Ou Y o +M ov Oy M Oy * Ou ov 1+
BCLEYIN A Y 7 AVCLET N S v 5. O S
ou ov
(10.206)

On the basis of the received equations, it is possible to implement simple ways of
management (compensation) of the errors carried out at the expense of change:

* Movements of the end links of the machine (change of elements of the matrices
AMKl and AM,{Z)

» Shape and size of the producing surface (change A7 k)

* Recoverable deformations of a detail (change A7)

With three simple ones, four combined control methods are possible:

* Additional movements of the end parts of the machine + the shape and size of the
producing surface

» Additional movements of the end parts of the machine + the restored deforma-
tions of a detail

* Shape and dimensions of the producing surface + the recoverable deformations of
the part

+ Additional movements of the end parts of the machine + the shape and size of
recoverable deformations of the part of the producing surface r

In the general case, the elements of the matrices AM k1 and AM k2 and the
increments of the radius vectors A7 g and A¥r,k can change over time in accordance
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with changes in the envelope parameters. This case can be called dynamic. In the
particular case, the named elements, once installed before processing, may not
change. This case determines the static type of compensation method. In general,
the concept of type (dynamic or static) covers a method that is multi-circuit due to
the need to control the indicators of kinematic accuracy, smoothness, contact spot,
and lateral clearance in the transmission. It is obvious that within the method, if it is
covered in parts, it is possible that some indicators are controlled on the basis of a
dynamic method and others on the basis of a static one. The method, in which
dynamic and static controls are applied together, can be called mixed.

Based on this and taking into account the possibility of covering only a part of the
parameters, it is possible to distinguish classes, kinds, types, groups, and subgroups
of the methods of error compensation, as shown in Table 10.6.

The table indicates the following:

(a) The types of methods: D — dynamic, S — static, M — mixed (combined)
(b) The groups of methods: C — complete, P — partial

Some of the methods listed in Table 10.6 are new. In particular, the methods
based on dynamic control of tool size and shape, as well as some combined methods,

Table 10.6 Classification of ways to compensate for errors

Class Kind

Simple Control of formation movements

Group

P/C
pP/C

Gear tooth deformation control

pP/C
P/C

Dimension control to tool shape

pP/C
P/C

Combine | Control of formation movements + control of deformations of the
teeth of a gear

P/C
P/C

Control of formation movements + control of the sizes and the form
of the tool

pP/C
P/C

Gear tooth deformation control + tool size and shape control

P/C
P/C

Control of formation movements + control of deformations of the
teeth of a gear + control of the sizes and the shape of the tool

P/C
P/C

AREIRREIRREIRREIRREIREEIRGEIE
]
[¢]

lav]
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have not been used before. Let us consider the possibilities of the selected methods
of compensation. The condition of optimality of the compensation method based on
the introduction of additional movements of the end parts of the machine can be
written in the form:

AK = (A?l,, - Mgg>) > min, (10.207)

where A?ég) is the required amount of profile modification.

It is obvious that the global extremum corresponds to AK = 0. However, as will
be shown below, such a condition is not always feasible. Based on Egs. (10.204),
(10.205), and (10.206), in general, we can write:

AK :f(AMAl, AM sy, AM p2, ATy, Aayr, A7(zg) + AMy - Fi + Mspo - AMg '7111) —0;
(10.208)

F (AMM’ AM s, AM o, ATy, Aoyr, A7§g), AMg1, AMys, 0AMy, aAMK2> =0;

Oy = Oy
(10.209)

F, <A1\71A1, AMay, AM p3, AFy;, AFayr, A7(2g), AMy,, AM», OAMy, aAMKZ) =0.

oy Oy
(10.210)

Each of the matrices AM K1 ,AM k2 can generally contain six unknown elements.
At the same time, Eq. (10.208) gives three scalar equations and Eqgs. (10.209) and
(10.210) give one. Therefore, the problem does not have a single solution.

If we consider that the elements of the matrices AM x1 and (or) AM k2 are
functions of the two envelop parameters ¢; and y, then we can establish that, if
Egs. (10.208), (10.209), and (10.210) are valid, which corresponds to the nature of
the point of contact between the tool surface and the workpiece, three linearly
independent components of the movements of compensation mechanisms are nec-
essary for an unambiguous solution of the compensation problem. Such motions can
be, for example, motions along any three mutually perpendicular coordinate axes.
This is the case with the simplest compensation mechanism with three degrees of
freedom (generalized controlled coordinates). An example of such a case is shown in
Fig. 10.46, which illustrates a diagram of grinding cylindrical gear 1 with barrel-
shaped teeth by disc wheel 2, for example, on a machine equipped with mechanism
3 of error compensation.

The figure shows: S — sensor and C — converter. The mechanism (Fig. 10.46)
provides small controlled movements along three mutually perpendicular axes: one
vertical and two horizontal, one of which is directed along the axis of the gear.
Obviously, using additional movements from this mechanism, it is possible to



10.4 Technological Methods of Controlling the Accuracy of Machining Gears 313

Fig. 10.46 Error control scheme for grinding gears with longitudinal crowning

provide any tooth profile (within the feasibility of an MFTP system, in general, and
the conditions of formation [28], in particular).

For the special case corresponding to the machining of gears with straight teeth
and the setting of the machine for machining with zero machine engagement, due to
the possibility of moving the tooth surfaces to a flat producing surface parallel to
themselves, the compensation mechanism can be simplified. In this particular case,
only one controlled coordinate is required for full compensation — movement along
the general normal of the tool and the gear being machined.

In the case of shaping with contact along a line corresponding to the transforma-
tion into the identity of one of the equations, for example, (10.210), we have only
four equations in total to determine the compensatory motions. The fifth equation
connecting the two curvilinear coordinates of the surface is missing. Therefore,
taking into account that the components of the motions included in the matrices
AM x1 and (or) AM k2 are functions of the envelope parameters ¢; and y, and do not
depend on u and v, it can be established that a full compensation of all component
errors is impossible. Uncompensated errors are those of the producing surface,
which are functions of u and v. In this case, the compensation problem is solved
as an optimization.

When forming contact on the surface, both coupling Egs. (10.209) and (10.210)
become identities. Therefore, we have only three equations (scalar), on the basis of
which we can determine the required parameters of compensatory motions. In such
shaping, the envelope parameters are absent and, therefore, there are no equations
that would link the equations of the generating surface to the envelope parameters.
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Therefore, only a partial compensation of errors is possible during shaping with
contact on the surface. Thus, on the basis of Eq. (10.208), one can determine the
setting parameters as functions of the curvilinear coordinates u and v.

It is obvious that both linear and surface contact of the tool surface with the
workpiece increasing the number of free parameters in the motion matrices AMg,
and AM, up to the maximum number of six increases the compensation possibil-
ities, as it expands the possibilities of the best approximation of function (10.208)
to zero.

Similarly, it can be shown that, regardless of the nature of the contact of the tool
surface with the workpiece, in the case of two-profile machining, only a partial
compensation of errors is possible. Tool surface errors are uncompensated. That is, it
can be argued that with an increasing level of concentration of the technological
impact on each tooth of the gear, the possibility of an error compensation decreases.

This refers to the methods of dynamic full error compensation. These methods
require the use of special adaptive monitoring and control systems.

Most gear machines are not currently equipped with such systems. Therefore,
from a practical point of view, it is interesting to identify ways to improve accuracy
by compensating for movements or other techniques without the use of special
adaptive systems. These methods are of the static type and provide only a partial
compensation of the individual components of errors. Let us consider examples of
such methods.

Example 1 Improving the accuracy of gears by eliminating the influence of the
shape of the tool on the shape of the treated surface. As it follows from the general
equations of the real profiles of the teeth (10.23), (10.24), (10.25), (10.26), (10.27),
(10.28), and (10.29), A7, =f(A7y;) =const at 7y =7y; = const. Therefore, under
this condition, the shape of the resulting envelope does not depend on the shape of
the tool surface and, while maintaining this shape within the machining cycle, the
errors of the tool will not affect the errors of the machined gears. The condition of
maintaining the shape of the tool surface within the machining cycle can be ensured
with high accuracy using high-strength tool materials, such as superhard synthetics,
or using tool surfaces that allow high-speed travel parallel to themselves (e.g., disc
wheels). In this case, the condition 7y =71; = const means that the entire surface of
each tooth of the gear must be machined by the same point of the tool surface. The
specified conditions at the time of processing of involute gears are realized on the
machines working using a disk tool with zero angle of a profile. At the same time, an
increase in accuracy in comparison with processing by a circle a,, # 0 at 0.5—1 degree
according to the norms of smoothness is provided.

Example 2 Improving the accuracy of gears by introducing time constant radial
displacements of the tool (control of the movements of the end parts of the machine).
The scheme of the method is shown in Fig. 10.47.

Gear 2 is machined by hob 1 mounted eccentrically with eccentricity eq and
phase fo. The method is based on the creation due to the eccentric installation of the
cutter such increments of lines of action, which compensate for the individual
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Fig. 10.47 The scheme of a milling gear’s eccentrically installed hob

components of the total error. The possibilities of the method are derived from the
following: the function of the total error of the gear on the increment of the line of
action during machining without its displacement can be expressed by the Fourier
equation:

AFos=ag+ »_ a;sin (igh; + ). (10.211)

i=1

Improving accuracy is possible if at least one harmonic component of the ith
frequency is provided due to the tool offset:

AF, = eq sin (i, + fo)- (10.212)

Functions of form (10.212) can be obtained for many rotating tools with a
nonzero profile angle by providing the tools with appropriate eccentricities. When
gear milling with a worm cutter, the two-profile error can be decomposed into a
Fourier series of type (10.211).

From the general error (Fig. 10.48), we can distinguish the component of the
tooth frequency (curve “a”), which, in almost all cases, when using machines that
meet the standards of kinematic accuracy, is dominant due to errors in the manufac-
ture and installation of the cutter.

The component of the tooth frequency error is described by the expression:

AH,=a,sin (Z¢1 + ﬂz).
If the cutter is given a radial offset with eccentricity phase g; (Fig. 10.47), then

this offset will cause radial increments of the lines of action of the machined gear
equal to



316 10 Gear Manufacturing Accuracy Prediction, Control, and Management

Fig. 10.48 Error diagram AH |

Lt
f

AHg =esin (z¢, + ;).

Under the condition e = a, and f3; = & + 3., the error of the tooth frequency will be
compensated, as in this case

AHy=AH.+ AHp =a_sin (z¢, + f.) + esin (z¢, + ;).

Similarly, when gear shaping, by displacing the tool in the radial direction, it is
possible to change the increments of the lines of action of the machined gear
according to the law:

AFyr) = £eysin <§k¢1 Fa +ﬁu> ,

where

e, 1s the eccentricity (displacement) of the gear shaper cutter.
z, 1s the number of teeth of the tool.

i 1s the number of teeth of the processed gear.

P, is the eccentricity phase.

By varying the parameters e,, z,, and 3, within the allowable values, it is possible
to compensate for the various components of the total error of the gear. For example,
for z, = 7, we get the ability to compensate for the geometric eccentricity of the
gear. With single-profile processing in this case, a compensation of kinematic
eccentricity is also possible, as it is known [11, 36] that kinematic eccentricity
causes increments of the lines of action with the period 27.

Thus, the general method of compensating for errors by introducing time constant
displacements of the tool is as follows: it is necessary to identify the frequency of
errors that can be caused by tool misalignment. Then, from the total error, the
component of the selected frequency is selected by setting its amplitude and
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phase. Thereafter, the instrument is provided with an eccentricity equal in magnitude
to the amplitude of the selected component and opposite in phase. For the practical
implementation of the above, the tools must be installed on the mandrels (devices)
that provide precise continuous control of the magnitude of the eccentricity and its
phase. The achieved increase in accuracy when milling gears of accuracy class “B” is
equal to the ratio J% =1,5...2,0, which corresponds to an increase in accuracy by
2-3 degrees in terms of smoothness of the transmission.

Example 3 Improving the accuracy of gears by compensating for the high-
frequency components of the oscillations of the running speed. This method is
feasible when processing gears by methods of incomplete (partial) [22] shaping,
for example, with a blade tool. For the first time, it was proposed for gear milling in
the study by Khlus [11]. It can be applied to operations of gearing, gear planing of
spur gears, and others carried out by running in with interruption of the process. The
essence of the method is that the profiling cuts are carried out with a frequency equal
to or the multiple of the frequency of high-frequency fluctuations of the running
speed. Frequency control is performed by selecting the number of profiling edges
(chip grooves) of the cutter [11], machining modes (number of double strokes —
when gnashing and planing), and other factors.

Figure 10.49 [11] illustrates a graph of the tool rotation angle ¢, depending on the
angle of rotation of the part ¢, in the presence of high-frequency oscillations of the
run-in speed (curve “a”).

In the case f,, = f, of frequency cuts (in the figure, the cuts are marked by straight
vertical segments), they are located on the curve “a” and at the same time on the line
“b,” parallel to the line “c,” representing the nominal dependence of rotation angles
¢. = ig> + ¢, where ¢; = const. It is obvious that due to the roundness of the gear,
the shift of the straight line along the axis O¢, does not affect the cyclic error.

Fig. 10.49 Dependency l
chart ¢, = figh>) with Y

indication of cuts
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For the scheme of technological influence with aclass K =1-2-1-1 -1
(realized, for example, by gear milling by a worm mill), in this case, a full compen-
sation of the high-frequency components of the fluctuations of speed of run-in of one
frequency is provided. For other schemes, suchas K=2-2-1-1-1 -1 of a gearing
class, only a partial compensation will be provided, as the profiling cuts have a
length along the angle of rotation of the gear (Sections 1-1, 2-2, ..., II-I in
Fig. 10.49).

The optimal condition of the compensation method based on the control of the
shape and size of the producing surface is described, as in the first case, by
dependence (10.207). However, in this case, due to the fact that changes in the
size and shape of the generating surface can be a function of the curvilinear
coordinates u# and v, based on Eqgs. (10.204), (10.205), and (10.206), it can be argued
that a full compensation of any type of initial error is possible, regardless of the level
of concentration of the technological impact.

In this case, the equations that allow determining the required changes in the
shape and size of the producing surface have the forms:

Mspo - AMay - Figg + Moy - AMag - My - My - Fig + Msgo(AFy + ATik)

+ AMAZ . 72[-] — AFZYT_’O-

OFayy _~+ OFay |~ _ OFay OFay |~ <+ Oy | OFay _ Oy —+
XN, - M, x . M, XN, - X K
du N3, T g, TN G T ) Y ey T
a?z —* =% — 872 —x —%  —x =%
+ auH XNy Ky My avH'K1+M1XN1'K1=O§
0oy _~+ OFoy <o+ OFoy OFoy <o+~ OTay  OFay . OToy ++
XN, - M, x . M, XN, - X L
Ou oy +M ov Oy M oy * Ou ov 1
a?z —% =% —x 5?2 —x% — =% —x
o Nl M g L MW L =0,

where K|, L,, M,, u N, are values of Ky, L;, M, u Ny, calculated considering
AMKI :AMKZ =0 I/IFZK =0.

A theoretically predictable possibility of a full compensation of any type of error
due to control of the size and the form of a producing surface till now does not have
sufficiently developed technical maintenance. Additional work in this direction is
required. Methods are known to compensate for gear errors by controlling the shape
and size of the tool surface, for example, using corrected sharpening of cutters,
changing the profile angle of gear tools, and other parameters. However, devices for
a full dynamic error compensation have not been described in the literature.

The creation of methods that would provide a full compensation for errors has
recently been facilitated by the new research works on changes in the geometry of
various materials based on the phenomena of the “memory” of metals and alloys,
“giant magnetostriction,” and others. The third of the considered simple ways
consists of giving to teeth of a gear of the restored deformations equal in size and
return on a sign to the arising errors.
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Since the real surface of each tooth of a machined gear is two-parameter, due to
the fact that the radius vector 7,k receives the necessary increments, it is obvious that
it is possible to provide full compensation for any initial errors.

The system of equations obtained from (10.204) to (10.206) in this case has the
forms:

Mspo - AM sy - Fiyg + Mo - AMag - My - My, - T + MsgoAFy; + AMay - Fon
— A¥oyr + oy =0.

0o ~—++ OTag . sk 872H OTa  ~sx  —sx OTog  OFay  OFap —#+
<N . M, . M, xN, - X -K
ou Mg T dv op, TN e o ey Mt

a_ — —— sk a —kk —kok —k%x  —kX
+ a’i”' <N K+ M, % K +M <N, -K;'=0;
a}"ZH ——kk argH 572H 872[.1 —kk arZH 8721.1 872[.1 —k%
x N, My : M, xN, x L
ou v v 0w | v Tou “Tow vt
+ag;f'xzv*;*.z7*+ﬁj*x agﬂf LM <N L =0,

The technical implementation of this method by the existing technical means in
full is still impossible due to the peculiarities of the physical and mechanical
properties of the materials from which the gears are made: steel, plastics, and others.
However, a partial error compensation based on the control of the recoverable
deformations of the part is possible, for example, by modifying the teeth of the
blanks for shaving, in order to equalize the elastic deformations. This determines the
need for further research into the field of technical means that would allow the full
implementation of the last two ways of controlling the accuracy of gears at the level
of the aisle.

Obviously, each combined method of accuracy control has the capabilities of the
simple methods included in it. Therefore, there is no need to consider each of them
separately. Taking into account the fact that a number of the considered methods can
provide a theoretically complete compensation of errors, the maximum realized
reserves of an increase in accuracy of processing of gears are established. According
to (10.204), these reserves can no longer be limited by the whole set of sources of
MFTP errors but by errors in testing control actions. The latter are performed by
special monitoring and regulating devices, for example, similar to those described in
the study by Ehrlenspiel et al. [4]. Therefore, the maximum achievable accuracy of
the gears will be equal to the accuracy of these devices. The accuracy of tracking and
adjusting devices is determined by errors of measuring subsystems and errors of the
mechanisms of small movements. It is at the level of tenths of a micrometer.

The results obtained above on the study of multilevel accuracy control allow
proceeding to the development of the principles of optimizing the accuracy of gears.
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10.4.6 The Principles of Optimization of the Accuracy
of Gears

1. The principles of optimization of the specified accuracy of gears come from the
following. In accordance with the presented results, the fulfillment of conditions
(10.1) entails the limitation of the structures, parameters, and laws of change of
the producing subsystem. Therefore, the problem of optimization of accuracy can
be solved only within the solution of the general problem of complex optimiza-
tion of technological systems.

2. Since accuracy management is purposeful, it is rational to identify and rank the
factors that have a significant impact on the achievement of the goal under
conditions (10.1).

3. In order to formalize the solution process and implement it on a computer, it is
necessary to discretize the levels of the change of parameters.

4. Restrictive methods of ensuring accuracy, providing static control of the struc-
tures and parameters, as a rule, do not require the inclusion of additional sub-
systems in an MFTP system. Therefore, due to the simplicity and availability of
implementation, static control methods are preferable to dynamic ones. However,
in view of ensuring high accuracy, dynamic methods are more effective.

5. Since the area of the base surfaces of gears, in most cases, is less than the total
area of the teeth and their configuration is simpler in multi-operational processes,
it is advisable to introduce operations to restore the base surfaces that affect

AMa,.

The control of gear errors differs in terms of purpose, level of implementation,
control variables, stage and nature of implementation, degree of completeness, the
principle of generating control action, and the law of its change over time. The total
management is multilevel. Technological methods of controlling the accuracy of
machining gears can be implemented at the level of the technological process as a
whole, operation, transition, and stroke (passage). Many ways to control accuracy at
each level are closed. The possibilities and areas of rational application of methods
are various. In general, accuracy can be controlled by changing the structure and
parameters (including input) at all levels. Adaptive-compensatory control by chang-
ing the parameters can be carried out at the level of the working stroke. There are
seven ways to adaptively compensate for accuracy control, including three simple
ones that involve changing the movements of the MFTP end points, tool sizes and
shapes, and recoverable gear deformations. The required parameters of compensa-
tory effects can be determined on the basis of the solution of the general equations
provided in this section. When using the method based on changing the movements
of the end links of an MFTP system, a full error compensation is possible only in the
case of point contact in the “tool-workpiece” pair and single-profile processing.
When using other methods, a full compensation of errors is possible, regardless of
the level of concentration of the technological impact. However, devices for the
technical implementation of these methods in full have not yet been developed. An
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extremely high accuracy can be achieved by methods that theoretically provide a
complete compensation of errors and is determined by the accuracy of measuring
instruments and the accuracy of the mechanisms of small movements. Theoretical
principles have been developed to solve the problems of optimization accuracy.
Their implementation is possible within the framework of solving the general
problem of complex optimization of a technological system.

10.5 Conclusion

The general laws of the processes of real shaping can be reflected by the common-
for-all methods of machining equations of the real profiles of teeth, containing a
closed set of linearly independent, but modularly correlated, given primary errors.

Based on these equations, new forecasting methods with the required reliability of
error distribution ranges and necessary for adaptive accuracy of the actual values of
deviations of real points of profiles from nominal ones are considered, the problem
of an MFTP system’s error identification is considered and solved, and ways of
systematization of research in the field of accuracy of gears of various, including
new, kinds are planned.

Many ways to control the accuracy of gears, which are distinguishable by the
methods of obtaining information, include three simple and four combined methods.
The simple ones include direct, element-by-element, and factorial methods. Com-
bined methods are combinations of simple ones. Element-by-element, factorial, and
combined methods can provide information directly at the time of shaping, which
provides an opportunity to build highly efficient adaptive control systems for the
accuracy of dental processing. On the basis of the combined methods of control, it is
possible to build information-redundant systems that allow not only an increase in
the accuracy of control but also in the control themselves, to ensure a given
reliability of the measurement results.

The control of gear errors differs in terms of purpose, level of implementation,
control variables, stage and nature of implementation, degree of completeness, the
principle of generating control effects, and the law of its change over time. Total
management is multilevel. Many ways to control accuracy at each level are closed.
The possibilities and areas of rational application of methods are various. A number
of methods can theoretically provide a complete compensation for errors. Such
methods include control of the size and shape of the tool and control of the
recoverable deformations of the part. In special cases, when a single-profile machin-
ing with point contact of the tool and the workpiece is used, a method based on the
control of the movements of the final links of an MFTP system can also provide a full
compensation.

An extremely high accuracy can be achieved by methods that theoretically
provide a complete compensation of errors and is determined by the accuracy of
measuring instruments and the accuracy of small displacement mechanisms (at the
level of tenths of a micrometer).
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Chapter 11 ®)
Elliptical Gear Drives Shex

Boris M. Klebanov

11.1 Introduction

Among the noncircular gears intended for gear drives with a cyclically changing
gear ratio, elliptical gears are the simplest in analytical interpretation and the most
producible. The aim of this chapter is to improve the method of calculating the
strength of elliptical gears, published by the author earlier [1].

11.2 Geometry: Basic Equations

In an elliptical gear, the centrode in mesh with the cutter (a hob, a rack, or a shaper) is
elliptical. This means that the ellipse is the reference curve (pitch curve) of an
elliptical gear, and the gear drive comprised of two such gears can be schematically
represented by two identical ellipses. Ellipses 1 and 2 are located as shown in
Fig. 11.1a and touch each other at point P, which is the instantaneous center of
rotation of one ellipse relative to the other. The ellipses rotate around their fixed foci
F, and F, while touching each other permanently, and, during rotation, the point of
their tangency P is always located on the center line F;F,. There is no slippage
between the ellipses at point P.

The ellipse is characterized by the following dimensions: major axis length 2a,
minor axis length 2b, and the distance between the foci (points F and F*) that equals
2¢, where

c=Va?-b>.
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Fig. 11.1 Elliptical gear drive centrodes

Factor e = ¢/, is called the “eccentricity of ellipse.” The smaller the minor axis as
compared with the major axis, the bigger is the focal distance 2c¢ and the greater is the
eccentricity e of the ellipse. With ¢ = 0, e = 0, a = b, the ellipse turns into a circle.

In polar coordinates, with the center in the focus of the ellipse, the radius vector r,
of any point M on the ellipse equals [2]:

a(l —é?)

“1-e cos @ (11.1)

r

Line 3 that is tangent to the ellipse at point M makes with the extension of radius
vector of this point angle y that is given by

1—e cose

e sing (11.2)

tan u =
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As stated earlier, the elliptical gears rotate around the fixed axes passing through
the foci points F; and F, of their reference ellipses, and, so, the center distance
a,, = 2a.

The instantaneous gear ratio at each angle of rotation equals the ratio of distances
between point P and the centers of rotation F; and F, (see Fig. 11.1b):

70)27F1P

U= T FP

Since F1P = r; can be obtained from Eq. (11.1) for each angle ¢, and F,P =
2a — FP, the instantaneous gear ratio can be calculated for any angular position
of the gears.

In the position shown in Fig. 11.1a (¢; = 0), the gear ratio is maximal:

_wamax _a+c _ 1+4e

Umax = o a—c 1-e¢" (11.3)
At ¢, = 180°, the gear ratio is minimal:
umin:a)gmin_a—c_l—e (11.4)

w, a+c 1+e°
The radius of curvature R of the ellipse at point M is determined as follows:

(rlrz)lﬁ

R= ab

(11.5)

Here, the radii r; and r, are the distances from point M to the foci; see Fig. 11.1a:
ri = MF, and r, = MF7;. The distance r, is obtained from Eq. (11.1) and r, = 2a —r,.

Line 3 that is the tangent to the ellipse at point M is obtained as a perpendicular to
line 4, which is the bisector of the angle between ry and r, (AF 2MF ;) The angle u
between the extension of the radius vector 7, of the point M and line 3 is used for
determining the working pressure angle a.,, (see Sect. 11.3).

Figure 11.1b demonstrates the graphical layout of the elliptical centrodes at any
angle of rotation. In this case, centrode 1 is rotated clockwise (CW) from its initial
position by angle ¢, about the fixed focus point F;. Then, a line is drawn between
focus F7 and point P, which is the intersection of ellipse 1 with the center line FF>,
and ellipse 2 is rotated counter-CW (CCW) about its fixed focus F, in such a way
that focus F; lies on the extension of line F7} P. After that, we draw bisector line 4 and
tangent line 3.

From Fig. 11.1b, we obtain several useful parameters:
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* Angle ¢, at given ¢,
* Angle p at given ¢,
+ Instant gear ratio at given ¢;:

u _&_Flp
" W FoP°

From Fig. 11.1b, we can also see that the distances from point P to the foci of both
ellipses are pairwise equal: PF'y = PF’; and PF} = PF,. Hence, the radii of curvature
of both ellipses at point P are equal. In the generating process, the motion of the
cutter is determined by the varying radius of curvature of the centrode, and, so, the
right and the left profiles of each tooth are slightly different. To simplify the
calculations, we will proceed from the assumption that the working profiles of two
engaged teeth are identical and that their radii of curvature at point P correspond to
the radius of curvature R of the ellipse at this point.

Note: The shape of the teeth flanks is not involute because the centrode is
noncircular. The variation of the centrode curvature leads to the formation of a
complex surface of the tooth flank that can hardly be expressed by a short mathe-
matical formula. However, there is no fundamental difference with involute gears for
which the radius of curvature of the involute profile also varies from the top to the
root of the tooth, and only the curvature radii at the pitch point are usually considered
in the design formula. We are going to apply the same approach when designing
elliptical gear drives.

Based on the generating method of tooth cutting, the following relations can be
stated (by analogy with involute gears):

* The nominal tooth thickness measured along the arc of the centrode equals the
space width of the basic rack, that is, 0.5zm.

* In an involute gear, the radius of curvature p of the tooth profile on the pitch
radius r, = 0.5mz is given by:

p=rpsinap,
where ap is the profile angle of the basic rack. The same equation can also be

used for elliptical gears, but the radius of curvature of the elliptical centrode
R (see Eq. (11.5)) shall be substituted for the pitch radius of the round centrode r;,:

p=Rsinap. (11.6)

The magnitude of radius R depends on the location of the tooth defined in the
polar coordinates by angle ¢. This angle cannot be exactly calculated until the gear
data, such as the centrode dimensions a and b, module m, and number of teeth z, are
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known. Tentatively, for design calculations, the angle ¢ can be taken equal to, for
example, the angle of the rotation of the gear, in which the maximum force is applied
to the teeth.

The approach to calculating the profiles of the teeth of noncircular gears can be
found in the study by Radzevich [3].

Obviously, the length L of the perimeter of the centrode must satisfy the follow-
ing equation:

L=nmz, (11.7)

where m = module and z = number of teeth.
The length L of an ellipse is given by a quickly convergent series:

228 2518 49,10 441712
L=nla+b)|1+7 +e1+ 356 " 16384 T 65.536 T 1.0a8576 T |0 (118

where 1 = (a — b)/(a + b).
Usually, the first three terms of the series (after 1) provide the deviation from the
true value, which can be neglected.

11.3 Kinematics and Dynamics of Elliptical Gear Drives

The equations of motion are slightly different for the half-turn starting from position
Umax Shown in Figure 11.2a (let us call it “first half-turn”) and the half-turn starting
from position u,,;, shown in Figure 11.2b (“second half-turn”). In the calculations,
the initial position of the gears in each half-turn is characterized by ¢; = 0.

The relationship between ¢, and ¢, called the transmission function of an elliptic
gear drive, has an analytical expression [4]:

P2 _ il
tan > —Ctan(2>,

or, that is the same as

@, =2 arc tan {C tan (%)}, (11.9)

where factor C = % for the first half-turn and C = lljr: for the second half-turn.

The angular speed of the driven gear w,, provided that the angular speed of the
driving gear @, is constant and hence ¢; = w;-t, equals:
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Fig. 11.2 The initial positions of the 1st (a) and the 2nd (b) half-turns

. C w
W =@, = ) 11.10
2= 1+ (C*—1) sin?(p,/2) ( )
The rotational acceleration of the driven gear equals:
. c(c*-1 sin
e=@=— (2 ) P ;. (11.11)

[1 + (C2 — 1) sinz(gol/Z)}2

In Egs. (11.10) and (11.11), factor C shall be substituted like in Eq. (11.9):
separately for the first half-turn and the second half-turn.

Diagrams of ¢,; ¢, — @; w2/w; and &,/®? as functions of angle ¢, are
presented in Figs. 11.3, 11.4, 11.5, and 11.6, respectively.

Note: In these and subsequent diagrams, two half-turns are combined into one full
turn where the interval from 0° to 180° represents the first half-turn and that from
180° to 360° the second half-turn.
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11.4 Pressure Angles in Elliptical Gear Drives

Pressure angle is the angle between the direction of motion of a driven body and the
direction of the force applied to it by a driving body. In the best-case scenario, when
these directions coincide (i.e., the pressure angle equals 0), the efficiency of mech-
anism is maximal. As the pressure angle grows, the forces in the mechanism and the
energy losses grow, and, finally, if the pressure angle nears (90 © — ay), where ar is
the angle of friction, the translation of motion between the bodies becomes impos-
sible due to friction forces.



11.4  Pressure Angles in Elliptical Gear Drives 333

//' N\, // N
\, \
/F v F2 \
L& S °
\ .. /\ ) /
N driving N driven %

@=1200CW I g

LA

-
Ve
S [/}
/ ‘{,

Fig. 11.7 Examples of angular positions within the first half-turn

Since point P is located on the center line at any angular position of the elliptical
gears, the direction of motion at this point is always perpendicular to the center line.
The direction of the tooth force that is perpendicular to the tooth profile is determined
by two components. The first, obviously, is the angle of the tooth profile, and, at
point P, it equals ap. The second component, which determines the angular position
of the tooth with respect to the center line, is the angle of inclination of the common
tangent to the center line (angle y; see Fig. 11.1). Examples of the combinations of
angles ap and p adding up to the pressure angle ay, are given in Fig. 11.7 (for the first
half-turn) and in Fig. 11.8 (for the second half-turn). Here, the direction of motion is
denoted by “v,” the common tangent by “#,” and the normal to the working profile of
the driving tooth by “n.”

Angle u can be calculated as follows [2]:
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T

Fig. 11.8 Examples of angular positions within the second half-turn
* For the first half-turn:

1 —e cosg,;

s, (11.12)

1y = arctan

where ¢ is the angle of rotation from position u,,x shown in Figure 11.2a;
* For the second half-turn:

14 e cos g,

Csing (11.13)

4, = arctan

where ¢, is the angle of rotation from position u,;, shown in Figure 11.2b.
From Figs. 11.7 and 11.8, one can see that the pressure angle equals

» For the first half-turn:

awa =90° — (u—ap). (11.14)

» For the second half-turn:
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w2 =90° — (u + ap). (11.15)

Here, ap = angle of the basic rack profile.

Diagrams of angles y and ay, (at ap = 20°) are presented in Figs. 11.9 and 11.10,
respectively. It is recommended [2] not to exceed a,; = 150°I.

Note: Is there any difference in essence between the positive and negative values
of the pressure angle ay,? There is no difference in this case. The “plus” or “minus”
is obtained when the angle is calculated using Eqs. 11.14 and 11.15. In a
two-dimensional problem, if ay, = 0, then the vectors of motion and of applied
force are collinear. If a,, # 0, then the force vector deviates from collinearity by
angle a, in the CW (we are free to sign it as “positive””) or CCW direction (then it
will be “negative”). However, only the modulus la, matters in our case.

Example 11.1 The eccentricity of the ellipse e = 0.5 and ap = 20°. What is the
pressure angle at ¢; = 160° in the second half-turn?
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From Eq. (11.13):

_ 1+0.5cos160° _ o
Ho = arctan W — arctan3.1 =72.12°.

From Eq. (11.15):
awz =90° — (72.12° +20°) = —2.12°.

As stated above, the sign “minus” does not matter.
From Figs. 11.9 and 11.10, we can see that, in order to not exceed the pressure
angle of 50°, the ellipse eccentricity should not exceed e = 0.5.

11.5 Tooth Load in Elliptical Gear Drives

Figure 11.11 presents an elliptical gear pair in the first half-turn (a) and in the second
half-turn (b). Here, 1 and 2 are the driving and the driven gears, respectively, 3 is the
common tangent to the centrodes at point P, 4 is the normal to the center line F'|F>,
and 5 is the normal to the working profiles of the driving teeth at point P.

Force F,, applied to the engaged teeth originates from the resistance torque on the
driven shaft and is found as follows:

Fip

drividg

Fig. 11.11 Pressure angle ay, and the arm of the tooth force &,
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T
Fp=—2N. (11.16)
hy
Here, T, = torque on the driven shaft, N-mm:

T,=Ts+Tj.

Ts is the part of T, caused by the useful service torque on the output member of
the driven mechanism. Torque 7j is caused by inertia forces of the driven parts,
including the driven elliptical gear, which may increase or reduce the torque applied
to the meshing teeth.

Torque T} is given by

TJ:Jeq_;—z%a)%N~mm. (11.17)

Here,

* & /w? values can be calculated using Eq. (11.11) or taken from Fig. 11.6 and
* Jeq. is the equivalent mass moment of inertia determined as follows:

k 2
[
Jeg. = ) J,~<wl> N -mm - s?, (11.18)

i=1
where J; = mass moment of inertia of the rotating member i of the driven
mechanism.

w; = average angular speed of member i.
@ = angular speed of the driving gear.Example 11.2 Here are the formulas to
determine the mass moments of inertia J for two typical rotating elements:

» For a solid cylinder with diameter d and face width b:

_rad
cyl.—g 32

2

J bN-mm-s”,

where y = specific weight of the material (for steel, y = 7.7-10 > N/mm?>).

g = acceleration of gravity (g = 9.81-10° mm/s?).
d and b are in mm.

» For a solid elliptical body, the mass moment of inertia about the axis passing
through the focus point equals:
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4

by (2+3) VI—-&N-mm-s?, (11.19)

Jen. = e

o IR

where a = semi-major axis of the ellipse (mm);

e = eccentricity of the ellipse.
b, = face width of the gear (mm).
y and g are the same as above.

The mass moments of inertia of more complicated shapes can be calculated using
well-known methods.

Member 4, in Eq. (11.16) is the arm of force F), about the center of rotation of the
driven gear (focus point F,). From Fig. 11.11, one can see that for both the first and
the second half-turns,

hy = ry COS Oyt

Since r, = 2a — r; and the r; value is determined for the first half-turn from
Eq. (11.1),

a(l—eé%

n=2a- 7, cos @,

Hence, for the first half-turn,

1+e*—
hy _l+e 2e cos @, ——
a 1 —e cosg,;

For the second half-turn,

a(l—e?)

A cos ¢’

and, hence,

hy 1+e+2ecosg, cos
a  l+ecosg Gt

The functions hy/a = flep,) are diagrammed for the full turn in Fig. 11.12.
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11.6 Calculation of the Tooth Strength of Elliptical Gears
Using the Colloquial Calculations of Involute Spur
Gears

In practice, the strength of moderately loaded gear drives is estimated using simpli-
fied formulas. For the assessment of resistance to pitting, factor K is often used for
involute gears:

k=20t N (11.20)
by dju ~ mm

Here, T} = torque applied to the pinion (N-mm).

d, = reference diameter of the pinion (mm).

b, = gear face width (mm).

u = gear ratio.

The value of factor K obtained by this formula should not exceed a certain
admissible limit that depends on the strength of the gear material. For spur gears
of tempered steel, K,q,, = 0.008HB — 0.87 N/mmz; for spur gears with teeth
induction hardened to HRC > 50, K4, = 3.5 N/mm? [1].

To understand how to adopt factor K to strengthen the calculation of elliptical
gears, let us analyze from where Eq. (11.20) comes.

Pitting is the fatigue failure of the working surfaces of the teeth flanks caused by
cyclic loading with a high contact stress oy. For a linear contact, the contact stress is
determined by the Hertz formula:
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F,E N
by, mm?’

o1 =0.418 (11.21)

Peq.

Here, F, = 2 T,/(d,-cosap) = normal force transmitted by the engaged pair of
teeth (N);

T, = torque applied to the pinion shaft (N-mm).

d; = reference diameter of the pinion (mm).

E = modulus of elasticity (N/mm>).

b, = length of the contact line, for straight teeth equals the gear face width (mm).

Peq = €quivalent radius of curvature of the contacting surfaces (mm) that equals in
external engagement:

_ P12

Pea. = prtpy

The curvature radius of the involute obtained in generating roll depends on the
curvature radius of the centrode. In involute spur gear pairs with the sum of profile
shifts x; + x, = 0, the centrodes are the reference circles d; and d,, and the curvature
radii of the involute profiles p; and p, in point P equal:

p1=0.5d;sinap.

P2 205d2 sin ap:O.Sud] Sin(lp.
hence,

_dlu
peq._ 1+u

0.5 sin ap.

Substituting expressions for F, and p.q in Eq. (11.21), we obtain after
rearrangement:

2T (u+1) 5 sin(Qap)  »
4> by u =% —o7E ~°nC

=K.

Here, C is constant for most gears because ap = 20° and the modulus of elasticity
E is approximately the same for steel used in gear production. Thus, the value of
factor K reflects the admissible contact stress and mainly depends on the strength of
the material of the teeth (see above).

It was noted above that the shape of the teeth flanks of the elliptical gears is not
involute because the centrode is noncircular. The variation of curvature of the
centrode leads to the formation of a complex surface of the tooth flank. It is
necessary to take into consideration that the calculation of gears (involute and
non-involute) for resistance to pitting in principle cannot be mathematically accurate
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due to the complexity of both the tooth geometry and the processes occurring in the
contact zone of the teeth. Let us start from the contact stress that is determined by the
Hertz formula, with the radius of curvature of the involute in the pitch point. First,
the radius of curvature of the involute varies throughout its length. Second, rough-
ness and tooth profile errors lead to significant deviations of the tooth surface
curvature from the calculated value. Third, the combination of rolling and sliding
in the contact of the teeth with high contact stresses causes wear and plastic
deformation of the surface layers of the metal. This not only changes the geometry
of the teeth flanks but also changes the microstructure of the thin surface layers. For
these reasons, it makes no sense to enter all the complexities of the geometry of the
tooth profile of the elliptical gears because the admissible value of factor K in any
case should be determined experimentally, just like it is done for involute gear
drives.

Note: Other factors, such as speed, required service life, operating regime (for
example, heavy duty of light duty), etc. influence the K4, value remarkably. Here,
we use the recommendations for moderate working conditions.

Let us go back to the question of the adaptation of Eq. (11.20) to the strength
calculation of elliptical gears:

» For elliptical gears, in Eq. (11.20), the expression 27,/d; that determines the
peripheral (tangential) force in the contact of teeth shall be replaced by F,-cosap
to get the physical equivalent.

* Member d, that determines the radius of curvature of the tooth profile shall be
replaced by the doubled radius of curvature R of the gear centrode; see Eq. (11.5).

* u = 1 because in each angular position, the radii of curvature of the elliptical
centrodes at point P are equal.

As aresult, Eq. (11.20) and the pitting strength condition take the following form
for elliptical gear drives:

K— F, cosap <Ko N
m

%, AT (11.22)

The radius of curvature of the centrode R at point P obtained from Eq. (11.5) can
be transformed as follows:

15
R 1 1 —e* —2e(1—e?)cos @,

a  J1-¢ (1—e cosg,)’

Function R/a = f(¢,) is diagrammed in Fig. 11.13.

The difference between Egs. (11.20) and (11.22) is that in Eq. (11.20), torque T
is given independently of the gears dimensions, whereas in Eq. (11.22), force F,
(i.e., torque T»; see Eq. (11.16)) depends on the dimensions of the driven gear whose
mass moment of inertia influences torque 7,. This fact makes the process of
dimensioning of elliptical gears iterative. For the first approximation, the position
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shown in Fig. 11.2a can be chosen. In this angular position, there are no inertia forces
and the arm £, of force F,, is close to minimum (see Fig. 11.12). The next iteration
should be calculated for the position of maximum acceleration.

11.7 Example of the Design of an Elliptical Gear Drive

It is required to design an elliptical gear drive, which has the maximal angular speed
of the driven shaft seven times higher than its minimal angular speed. The service
torque applied to the driven shaft is 7s = 100 N-m and the rotational speed
n; = 600 rpm (0, = 62.83 s ). The straight teeth with core hardness
280-320 HB are induction hardened to 50-52 HRC, s0 Kuqm = 3.5 N/mm>. The
mass moment of inertia of the parts connected to the driven gear, such as the shaft,
coupling, cam, and others is: Jyy = 5 N -mm-s>.
From Egs. (11.3) and (11.4):

®D2max _ Umax _ (1 +€)2
@2 min U min 1—e/’
From Fig. 11.14, we find for @smax/@omin = 7, € = 0.45. From Fig. 11.12, we find
for e = 0.45 and ¢, = 360°, hy/a = 0.52.
Since € = 0 in this angular position, the inertia torque is also zero and the tooth
force equals:

_Ts 10
", T 0524

F N.

From Fig. 11.13, we find for e = 0.45, R/a =~ 0.8. At this stage, we are to choose
the face width of the gear as part of its biggest diameter, which equals 2a. Let us set
by = 0.5a. In this case, from Eq. (11.22):
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Fig. 11.14 The kinematic 9
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Here, we obtain a = 50.5 mm and b, = 0.5a = 25.25 mm. This is the result of the
first approximation that provided us with the dimensions of the driven gear required
for the calculation of inertia forces.

Now, we calculate “the first iteration” for the position with the highest inertial
load. The mass moment of inertia of the driven gear can be calculated using
Eq. (11.19):

10-5 . 4
Jen. = 79'781 1(103 z 540'5 25.25 (2+3-0.45%) V1 -0.45*=2.357N - mm

'S2.

From Fig. 11.6, we can see that the maximal positive acceleration at e = 0.45
takes place between ¢, = 330° and ¢, = 340°. Suppose ¢; = 335°. The maximum
acceleration rate can be taken from Fig. 11.15 based on Fig. 11.6:

Exmax X2 @8 =2-62.832=7.9-10"s %
Hence, the torque created by the acceleration of the driven gear equals:

Ty = (Im + Jein)€2max = (5 +2.357) - 7.9 - 10° =5.8 - 10* N - mm.

Hence, the total torque in the position of maximum acceleration, i.e., at
@, = 335°, equals:
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Fig. 11.16 An elliptical gear pair

To=Ts+T;=10° +58-10*=1.58 - 10° N - mm.

From Figs. 11.12 and 11.13: at ¢ = 335°, hy/a = 0.65, and R/a = 0.92. From
Eq. (11.16):

1.58-10°
Fn=—565a

From Eq. (11.22):

35_1.58~105_ c0s20°  4.966 - 10°
7 065a 0.5a-092a al ’

Here, we obtain a = 52.2 mm and b, = 26.1 mm.

“For the second iteration,” we calculate the moment of inertia of the gear very
quickly because, while maintaining geometric similarity, it is proportional to the fifth
grade of the scale:
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5
Jo = (%) -2.357=2.78 N - mm - s>.

Ty=(5+2.78)-7.9-10°=6.15-10* N - mm.
Ty =10° +6.15-10* =1.615 - 10° N - mm.

Because the relations h»/a, R/a, and by/a are the same as in the first iteration,

35 L6IS 10°  cos20°  5.076-10°
~ 7 0652 0.5a-092a a3 '

Here, a = 52.5. We can see that the iterative process converges very quickly
because the dimension obtained in the second iteration is only 0.5% bigger than that
in the first iteration. The designer, however, has other ways to satisfy the strength
requirement: for example, it is possible to reduce the Jg; value by removing the
excessive metal from the driven gear body, to increase the b/a value, etc. So, for
now, let us stop the iterations and set a = 52.5 mm. Other parameters of the elliptical
centrode: ¢ = ea = 0.45-52.5 = 23.625 mm;

b=Va®—2=+52.5>—23.625> = 46.884 mm.

Now, we continue designing the gear.
(a) Choice of the tooth module.

The maximal module is calculated from the condition of no undercutting of teeth.
It is known that in gears produced with a standard cutting tool (profile angle
ap = 20°, addendum height &,p = 1 m) without profile shifting, the minimal number
of teeth without undercutting z,,,;, = 17. In our case, the minimal radius of curvature
of the centrode (see Fig. 11.13) R,;, = 0.8a = 0.8-52.5 = 42 mm. The module for
Zmin = 17 is found from the following relation:

27 Ryin =7 M Zipin s

m= 2Ruin _2-42_ 404 L5 mm,
Zmin 17

(an extremely small undercut is admissible.)

The minimal tooth module is determined based on the reasoning of the fracture
resistance of the teeth. For preliminary estimation of the minimal tooth module of a
spur gear, the following formula can be used [1]:
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10 T,
>
= dlbgdb

mm, (11.23)

where 7| = maximal torque on the pinion shaft (N-mm).
d; = reference diameter of the pinion (mm).
b, = gear face width (mm).
o, = allowable bending stress (N/mmz).
As applied to our case,

T,
d_l =0.5 F,cosap.

Force F, shall be calculated for the second iteration (at ¢; = 335°):

T, 1.615-10°

h, — 0.65-52.5 =4733N.

F,=

The minimum limiting bending stress oy, for the induction hardened teeth with a
core hardness of HB280 equals 230 N/mm?. Substituting these data in Eq. (11.23),
we obtain the minimum module:

10-0.5-4733 - cos20°

m> 7635 . 930 =3.68 >4 mm.

Thus, the module shall be between 4 and 5 mm.
(b) Calculation of the tooth number.
From Eq. (11.7):

z= L _ whole number. (11.24)
Tm

The length L of the centrode is determined from Eq. (11.8), where
a+b=>52.5+46.884 = 99.384 mm and

a—b 52.5—46.884
Ta+b 525+468%4
2 4 6
Ler.9938414 0.053508 N 0.05664508 N 0.022208 .
=312.224[1+7.983-107*+159-1077 +1.27-10" "]
=312.224 4 0.2492 + 0.0496 - 10> 4 ---
= 312.473 mm.

A =0.056508;
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One can see that in this case, already the second term of the series (after 1) is
negligible.
Returning to Eq. (11.24), we find the number of teeth at m = 4 mm:

o= 32473 5 86581125
-4

Note: The number of teeth should be odd for ease of manufacture and assembly
(see Fig. 11.16). If, according to Eq. (11.24), z turns out to be even, then it shall be
increased or reduced by 1.

To fulfill Eq. (11.7), the centrode perimeter L must be brought in accordance with
the real number of teeth. Since the length L is directly proportional to a (at the same
ellipse eccentricity e), the final values of the semi-axes of the elliptical centrode are
found as follows:

25

¢=52.7833 - 0.45=23.7525 mm.

b=1/52.78332 — 23.7525> = 47.1370 mm.

The center distance a,, = 2a = 105.561 mm.
(c) Design testing.

Let us control the strength of the teeth in the position of maximal acceleration.
The mass moment of inertia of the driven gear is increased, and its mass moment of
inertia finally equals:

5

52.78

Jo. = (—50.5 > 2.357=2.939 N - mm - s°.
Ty=(5+2.839)-7.9-10°=6.27 - 10* N - mm.
T,=10"+6.27-10*=1.627 - 10’ N - mm.

T, 1.627-10°

T, ~ 0.65-52.78 = 4742 N.

Fp=

From Eq. (11.22):

4742 cos 20 °

K=059"352.73 264

— 348 < Kygy —
mm

The bending strength of the teeth is checked using Eq. (11.23):
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10-0.5-4742 - cos20°

mE 605230 ooTmm

This requirement is fulfilled as well.

11.8 Conclusion

The method of the design and calculation of elliptical gears proposed here is based
on the method commonly used in the practice of designing circular involute gears in
which the load level of the gear teeth is determined by the value of factor K. The
proposed method, with the help of diagrams, is quite simple. When the gear
parameters are defined and the location of each tooth is known, a more accurate
calculation of teeth for bending strength and resistance to pitting can be made.

However, the process of pitting of the tooth surfaces is highly complicated, and
the simplified calculations are not reliable enough without experimental checks. The
admissible values of factor K (K,qm,) for involute gears are based on the results of
testing gear drives in laboratories and in operation. The same, obviously, should be
done for elliptical gear drives. The K,q,, values recommended for involute gear
drives can be used for elliptical gear drives as a first approximation.
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Appendices

Appendix A: Elements of Vector Calculus

A “vector,” the key to all the theories of part surface generation, is a triple real
number (in most computer languages, these are usually called “floating point
numbers”) and is noted in a bold typeface, that is, A or a.

Care must be taken to differentiate between two types of vectors:

* Position vector: A position vector runs from the origin of coordinate (0, 0, 0) to a
point (X, Y,Z), and its length gives the distance of the point from the origin. Its
components are given by (X, Y, Z). The essential concept to understand about a
position vector is that it is anchored to specific coordinates (points in space). A set
of points that are used to describe the shape of all part surfaces can be considered
as position vectors.

* Direction vector: A direction vector differs from a position vector, in that it is
“not” anchored to specific coordinates. Frequently, direction vectors are used in a
form in which they have unit length; in this case, they are said to be “normalized.”
The most common application of a direction vector in the theory of part surface
generation is to specify the orientation of a surface or ray direction. For this, we
use a direction vector at right angles (“normal”) and pointing away from the part
surface. Such “normal” vectors are also the key in many calculations in the theory
of part surface generation.

Vector calculus is a powerful tool for solving many geometrical and kinematical
problems that pertain to the design and generation of part surfaces. In this book,
“vectors are understood as quantities that have magnitude and direction and obey the
law of addition.”
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A.1 Fundamental Properties of Vectors

The distance-and-direction interpretation suggests a powerful way to visualize a
vector, that is, as a directed line segment or an arrow. The length of the arrow
(at some predetermined scale) represents the magnitude of the vector, and the
orientation of the segment and placement of the arrowhead (at one end of the
segment or the other) represents its direction.

Vectors possess certain properties, the set of which is commonly interpreted as
the set of the fundamental properties of vectors.

A.1.1 Addition

Given two vectors a and b, their sum (a + b) is graphically defined by joining the tail
of b to the head of a. Then, the line from the tail of a to the head of b is the sum
c=(a+b).

A.1.2 Equality

Two vectors are equal when they have the same magnitude and direction. The
position of the vectors is unimportant for equality.

A.1.3 Negation

The vector —a has the same magnitude as a but an opposite direction.

A.1.4 Subtraction

From the properties of “addition” and “negation,” the followinga — b = a + (—b)
can be defined.

A.1.5 Scalar Multiplication

The vector ka has the same direction as a, with a magnitude & times that of a. k is
called a scalar as it changes the scale of the vector a.
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A.2 Mathematical Operations over Vectors

The following rules and mathematical operations can be determined from the above-
listed fundamental properties of vectors.

A.2.1 Components of Vectors

Let us assume that a set of three vectors a, b, ¢ and two scalars k and ¢ are given.
Then, vector addition and scalar multiplication have the following properties:

at+b=b+a (A1)
a+(b+c)=(a+b)+c (A.2)
k(ra)=kta (A.3)
(k+t)a=ka+ra (A4)
k(a+b)=ka+kb (A.5)

The magnitude a of a vector a is:

a=|a| =,/a;+a}+a (A.6)

where a,, a,, and a; are the scalar components of a.
A unit vector a in the direction of a vector a is:

_ a a

The components a,, a,, and @, of a unit vector a are also the direction cosines of
the vector a:

COS O = dy (A.8)
cos f=a, (A9)
cosy=a; (A.10)

It is common practice to denote the components @, a,, and @, by [, m, and n,
respectively.
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A.2.2 Scalar Product (or Dot Product) of Two Vectors
The formula:
a-b=a,b,+ab, +a.b, = |aHb| cos £ (a, b) (A.11)
is commonly used for calculation of the scalar product of two vectors a and b.
Equation (A.11) can also be represented in the form:
a-b=[a]" - [b]=a, a, a] - | by (A.12)
b,
The angle £(a,b) between the two vectors a and b is calculated as:

1 a-b

Z(a,b)=cos | —
afjp

(A.13)

The scalar product of the two vectors a and b features the following properties:

a-a=|a|’ (A.14)
a-b=b-a (A.15)
a-(b+c)=b-a+b-c (A.16)
(ka)-b=a- (kb)=k(a-b) (A.17)
If a is perpendicular to b, then:
a-b=0 (A.18)
A.2.3 Vector Product (or Cross Product) of Two Vectors

The vector product of two vectors can be calculated from the formula:

axb= (aybz — azby) i+ (aby —ab,)j+ (axby — aybx) k (A.19)

Here, in Eq. (A.19), 1, j, and k are the unit vectors in the X, Y, and Z directions,
respectively, of the reference system XYZ, in which the vectors a and b are specified.
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The vector product possesses the following property: in case a x b = ¢, then the
vector c is perpendicular to a plane through the vectors a and b.
The vector product of two vectors a and b features the following properties:

i j ok

axb=|a, a, a (A.20)
by b, b,

aXb:kwbmﬁnzﬁJﬂ (A21)

where the unit normal vector to the plane through the vectors a and b is denoted
by n:

|a><b|:|aHb|sin Z(a, b) (A.22)

Coordinates of the vector product a x b can also be expressed in the form:

0 —a; a, by —a;b, +ayb,
laxb|=| a, 0 —ay | - | by | =| —ab,+ab, (A.23)
—ay  ay 0 b, —ayb, +axb,
aXxb= —bxa (A24)
ax(b+c)=axb+axc (A.25)
(ka)xb=ax (kb) =k(axb) (A.26)
ixj=Kk, jxk=i, kxi=j (A.27)
If a is parallel to b, then:
axb=0 (A.28)

A.2.4 Triple Scalar Product of Three Vectors

The product (a x b) - ¢ is commonly referred to as the “triple scalar product” of the
three vectors a, b, and c.

The triple scalar product of the three vectors a, b, and c¢ features the following
properties:
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(axb)-c=(bxc)-a=(cxa)-b (A.29)
(bxc)-a=a-(bxc) (A.30)
(axb)-c=a-(bxc) (A.31)

a-(bxe)=|b, by bz (A.32)

A.2.5 Triple Vector Product of Three Vectors
The product (a x b) x ¢ is commonly referred to as the “triple vector product” of the
three vectors a, b, and c.

The product (a % b) x ¢ can be evaluated by two vector products. However, it can
also be evaluated in a more simply manner by use of the identity:

(axb)xec=(a-c)b—(b-c)a (A.33)

It should be mentioned here that, in general, the triple vector products (a X b) X ¢
and a x (b x ¢) are not equal:

(axb)xc£ax(bxc) (A.34)
Analytical interpretations of many problems and results in the field of geometry
of surfaces are much simpler when vector calculus is used.
A.2.6 Lagrange Equation for Vectors
For the purposes of calculation of the mixed product of vectors a and b, an equation:
(axb)-(axb)=(a-a)(b-b)—(a-b)’ (A.35)

can be used.
Equation (A.35) is due to Lagrange.'

!Joseph-Louis Lagrange (January 25, 1736-April 10, 1813), a famous French mathematician,
astronomer, and mechanician.
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A.3 Similarity and Difference Between Vectors and Matrices
A vector a is commonly represented in the form:

a=ia+jb+kc (A.36)

The same vector a allows for a matrix representation in one of the following
forms:

=
a=|b (A.37)
_C_
o
b
a= (A.38)
C
L1
1 0 0 a
01 0 b
a= (A.39)
0 01 ¢
0 0 0 1

Operations over vectors in a matrix representation (see the form Eq. (A.39)) is
preferred as multiple coordinate system transformations are often required.

Vectors obey the commutative law, that is, the equalities a x b = b x a and
a-b =D - a are valid for vectors. This is not always applicable to matrices.

Two kinds of products are valid for vectors, that is, the dot product (a - b) and the
cross product (a x b) of vectors, which are not valid with respect to matrices.

Appendix B: Elements of the Differential Geometry
of Surfaces

The discussion in this book is primarily focused on the elements of the theory of gear
cutting tool design.

A gear and pinion tooth flank and their motion in space in relation to one another
are analytically described in a reference system. An orthogonal Cartesian” reference

2René Descartes (March 31, 1596-February 11, 1650) (Latinized form: Renatus Cartesius;), a
French mathematician, philosopher, and writer.
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system is a major kind of reference system that is commonly used for this purpose.
The mutually perpendicular coordinate axes of a Cartesian coordinate system are
conventionally labeled as X, Y, and Z.

In a Cartesian reference system, the axes can be oriented in either a left- or right-
handed sense. A right-handed Cartesian reference system is preferred, and all
algorithms and formulae used in this book assume a right-handed convention.

A coordinate system provides a numerical frame of reference for the three-
dimensional space in which the theory is developed. Two coordinate systems are
particularly useful to us: the ubiquitous Cartesian (XYZ) rectilinear system and the
spherical polar (r, 8, ¢) or angular system. Cartesian coordinate systems are the most
commonly used, but angular coordinates are often helpful as well.

B.1 Specification of a Gear Tooth Flank

A gear tooth flank could be uniquely determined by two independent variables.
Therefore, we give a gear tooth flank, G (see Fig. B.1), in most cases, by expressing

Fig. B.1 Principal U. —curve Tangent plane
parameters of the local
topology of a gear tooth
flank, G
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its rectangular coordinates X,, Y,, and Z, as functions of two Gaussian® coordinates
U, and V, in a certain closed interval:*

G = rp=ry(Ug V)=

where

r, is the position vector of a point of the gear tooth flank G.

U, and V, are the curvilinear coordinates (Gaussian coordinates) of the gear tooth
flank G.

X,, Y,, Z, are the Cartesian coordinates of the point of the gear tooth flank G.

U,. o and U,_, are the boundary values of the closed interval of the U,— parameter

V1. gand V,_, are the boundary values of the closed interval of the V,— parameter.

The parameters U, and V, must enter in Eq. (B.1) independently, which means
that the matrix:

0X, Y, 07,
oU, oU, 0U,
0X, Y, 97,
oV, 0V, 0V,

(B.2)

has a rank of 2.

Positions at which the rank is 1 or 0 are singular points; when the rank at all points
is 1, then Eq. (B.1) represents a curve.

Other methods of surface specification are also known. Specification of a gear
tooth flank by

* An equation in explicit form
* An equation in implicit form
* A set of parametric equations

are among the most frequently used methods of surface specification in practice.

It is assumed here and below that for any given kind of a gear tooth flank, G, its
specification can be converted either into a vector form or into a matrix form as it
follows from Eq. (B.1).

3Johan Carl Friedrich Gauss (April 30, 1777-February 23, 1855), a famous German mathematician
and physical scientist.

* All the equations that are valid for the gear tooth flank G are also valid for the pinion tooth flank .
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B.2 Tangent Vectors and Tangent Plane; Unit Normal Vector

The following notation is proven to be convenient in the consideration below.
The first derivatives of r, with respect to Gaussian coordinates U, and V, are
designated as:

Org

30, =U, (B.3)

g—;‘; =Vp (B.4)
and for the unit tangent vectors:

u, = B—i (B.3)

Vo= % (B.6)

correspondingly.’

The direction of the tangent line to the U,— coordinate line through a given point
m on the gear tooth flank G is specified by the unit tangent vector u, (as well as by
the tangent vector U,). Similarly, the direction of the tangent line to the V,—
coordinate line through the same point m on the gear tooth flank G is specified by
the unit tangent vector v, (as well as by the tangent vector V).

The significance of the unit tangent vectors u, and v, becomes evident from the
following considerations.

First, the unit tangent vectors u, and v, yield an equation of the tangent plane to
the gear tooth flank G at a specified point m:

Tangent plane = s =0 (B.7)

where

r; ,is the position vector of a point of the tangent plane to the gear tooth flank G at a
specified point m.
ry' is the position vector of the point m on the gear tooth flank g.

STt is right to underline here that the unit tangent vectors up and vp are dimensionless values as it is
follows from Eqgs. (B.5) and (B.6).
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Second, the tangent vectors yield an equation of the perpendicular N, and of the
unit normal vector n, to the gear tooth flank G at a given point m:

N,=U,xV, (B.8)
and

N, Ug x Vg
n———=——=__°_=u,XV B9
TN T TV e (B9
When the order of the multipliers in Eqgs. (B.8) and (B.9) is properly chosen, then
the unit normal vector n, (as well as the normal vector N,) is pointed outward of the
bodily side of the surface G.

B.3 Local Frame

Two unit tangent vectors u, and v, along with the unit normal vector n, comprise a
local frame u,, v,, n,, having the origin at a current point m on the gear tooth flank G.
The unit tangent vector u, is perpendicular to the unit normal vector n, (that is,
u, | n,) and the unit tangent vector v, is also perpendicular to the unit normal vector
n, (that is, v, L ng). In general, the unit tangent vectors u, and v, are not
perpendicular to one another, and they form a certain angle w,. In order to construct
an orthogonal local frame, either the unit tangent vector u, in the local frame (u,, v,,
n.) must be substituted with a unit tangent vector u,, or the unit tangent vector v, in
the same local frame (ug, V4, ng) must be substituted with a unit tangent vector V;.
For the calculation of the newly introduced unit tangent vectors u, and v,, the

following equations can be used:
u, =ug *Xn, (B.10)

V= Vg XM (B.11)

It is convenient to choose that order of the multipliers in Egs. (B.10) and (B.11),
which preserves the orientation (the hand) of the original local frame (u,, Vg, n,),
namely, if the original local frame (ug, v,, n,) is right-hand-oriented, then the newly

constructed local frame (either the local frame uz,, Ve, ng) or the local frame

(u;, Vg, ng)) should also be a right-hand-oriented local frame, and vice versa.
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It should be pointed out here that another possibility to construct an orthogonal
local frame is also available. A local frame of this kind is commonly referred to as a
“Darboux® frame” and is briefly considered below in this section of this book.

The unit tangent vectors u, and v, to a surface G at a point m are of critical
importance when solving practical problems in the field of gearing. This statement is
proven by the numerous examples shown below.

B.4 Fundamental Forms of a Surface

Let us consider two other important issues concerning the gear tooth flank
geometry — both are related to intrinsic geometry in the differential vicinity of a
current surface point m.

The first fundamental form of a surface The first issue is the so-called “first
fundamental form” @, , of a gear tooth flank, G. The metric properties of the gear
tooth flank G are described by the first fundamental form ®; , of the surface.
Usually, the first fundamental form @, , is represented in a quadratic form as
follows:

@, = ds,=EgdU,+2F,dU,dV,+G.dV; (B.12)

where

sg is the linear element on the gear tooth flank G (s, is equal to the length of a
segment of a certain curve on the gear tooth flank G).
E,, F,, G, are the fundamental magnitudes of the first order at a surface point.

Equation (B.12) for the first fundamental form @, , is known from many
advanced sources. In the theory of gearing, another form of the analytical represen-
tation of the first fundamental form ®,_, is proven to be useful:

E, F, 0 0] [dU,
F, G, 0 0| |aVv

@, = ds,=[dU; dV, 0 0] og og Lo og (B.13)
0 0 01 0

This kind of analytical representation of the first fundamental form ®; p was
proposed by Prof. S.P. Radzevich (~2008).

6Jean Gaston Darboux (August 14, 1842—February 23, 1917), a French mathematician.
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The practical advantage of Eq. (B.13) is that it can be easily incorporated into
computer programs when multiple coordinate system transformations are used. The
last is vital for the theory of gearing.

The fundamental magnitudes of the first order E,, F,, G, can be calculated from
the set of the following equations:

E,=U, - U, (B.14)
Fo=U, -V, (B.15)
G, =V, -V, (B.16)

Equations (B.14) through (B.16) can be represented in an expanded form as
follows:

or, or, 0X, 0X, 0Y, oY, 07, 07,

Ee=3v, v, ~ au, v, T 3u, v, T 3, ov, (B.17)
_ Or, Or, 0X, 0X, 0Y, 0Y, 0Z, 0Z,

Fe=%5u, v, ~au, av, T ou, v, tou, av,  B1®

G On On 0% ox, 0v, 2v, oz, 2z, oo

oV, oV, 0V, dV, 0V, oV, 0V, 0V,

The fundamental magnitudes of the first order E,, F,, G, are functions of the U,—
and V,— coordinates of a point of the gear tooth flank §. In their general form, these
relationships can be represented in the form:

E,=E (U, Vy) (B.20)
Fo=F,(U,, V,) (B.21)
G, =G, (U,, V,) (B.22)

It is important to point out here that the fundamental magnitudes E, and G, are
always positive (that is, E, > 0, G, > 0) and that the fundamental magnitude F, can
be equal to zero (F, > 0). This indicates that the first fundamental form ®,; , at a
point of the gear tooth flank G is always positively defined (@, , > 0) and cannot be
of a negative value.

By use of the first fundamental form @;_,, the following major parameters of the
geometry of the gear tooth flank G can be calculated:

(a) The length of a curve-line segment on the gear tooth flank G

(b) The square of the gear tooth flank G portion that is bounded by a closed curve on
the surface

(c) The angle between any two directions on the gear tooth flank G
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The length s, of a curve-line segment:

Uy =U,(t) (B.23)
Ve =V,(1) (B.24)

on the gear tooth flank G is given by the equation:

t
dU,\? du, dv dv,\?
sg:/\/Eg(d—tg> +2F,— ¢ Ttg+Gg<d—tg> dt (B.25)
to

tHh<t<n

For calculation of the square S, of the gear tooth flank G patch X, which is
bounded by a closed curve on the surface G, the following equation can be used:

Se = //, |E,G, — F;dU,dV, (B.26)
z

Ultimately, the value of the angle w, between two given directions through a
certain point m on the gear tooth flank G can be calculated from one of the equations
below:

~

COS Wy = EgG (B.27)
sUs
H
sinw, = EgG (B.28)
sUs
H
tan w, = F—g (B.29)

8

For the calculation of the discriminant H, of the first fundamental form @, , the
following equation can be used:

Hy=\/E,G,—F; (B.30)
It is assumed here that the discriminant H, is always non-negative — that is,

Hy= 4/ E,G, — F;.
The first fundamental form @, , represents the length of a curve-line segment,
and, thus, it is always non-negative — that is, the inequality @, , > 0 is always valid.
The first fundamental form @, , remains the same when the surface is banding.
This is another important feature of the first fundamental form @, ,.
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Ug+dUg,Vg +dVg

Tangent plane

Fig. B.2 Definition of the second fundamental form ®,_, at a point of a smooth gear tooth flank, G

Second fundamental form of a surface The “second fundamental form” @, , of
the gear tooth flank G is another of the two abovementioned issues. The second
fundamental form ®,_, describes the curvature of a smooth regular surface, G.

Let us consider a point K on the smooth regular part surface G (see Fig. B.2). The
location of the point X is specified by two coordinates, U, and V. A line through the
point KX is entirely located within the surface G. A nearby point m is located within
the line through the point K. The location of the point m is specified by the
coordinates U, + dU, and V, + dV, as it is infinitesimally close to the point K.
The closest distance of approach of the point m to the tangent plane through the point
K is expressed by the second fundamental form @, ,. Torsion of the curve Km is
ignored. Therefore, the distance a is assumed to be equal to zero (a = 0).

The second fundamental form @, _, describes the curvature of the smooth, regular
part surface G. Usually, it is represented in a quadratic form (see Fig. B.2) as follows:



364 Appendices

@y, = —drg-dng=L,dU;+2M,dU,dV,+N,dV, (B.31)

Equation (B.31) is known from many advanced sources.
In the theory of gearing, another analytical representation of the second funda-
mental form ®,_, is proven to be useful:

L, M, 0 0] [dU,
M, N, 0 0 dv

®, = [dU, dV, 0 0] og og Lo Og (B.32)
0 0 0 1 0

This analytical representation of the second fundamental form @, p was proposed
by Prof. S.P. Radzevich (~2008).

Similar to Eq. (B.13), the practical advantage of Eq. (B.32) is that it can be easily
incorporated into computer programs when multiple coordinate system transforma-
tions are used. The latter is vital for the theory of gearing.

In Eq. (B.32), the parameters L,, M,, and N, designate the fundamental magni-
tudes of the second order.

By definition, the fundamental magnitudes of the second order are equal:

_ on, oy,
L,=-1, .—aUg =n, - 30, (B.33)
1 on, on,\  0U, 0V,
M, = —z(Ug'avg+Vg'azfg>—“g'avg—“g'aUg (B.34)
on, 0V,
Ne==Ve gyt =me gyt (B.35)

For the calculation of the fundamental magnitudes of the second order of the smooth
regular gear tooth flank G, the following equations can be used:

U,

Y U, -V
L= & ¢ (B.36)
E,G,—F;
ou
& XUV, U,V
M= EE (B.37)
\/EG ~ P \/EG ~ P
Ne U, -V
Np= e & % (B.38)
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Equations (B.36) through (B.38) can be represented in an expanded form as
follows:

o’x, 0’v, 0°Z,
ou; oU; 0U;
oX, 0Y, 0Z,
oU, oU, 0U,
oX, oY, 0Z,
oV, 0V, 0V,

L= (B.39)
’ \/ E<G; — F;
’x, v, 9z,
0U,0V, 0U,0V, 0U,0V,
X, Y, oz,
oU, oU, oU,
ov ov ov
M, = g § & (B.40)
\/ E<G; — F;
’x, 0°v, 0°Z,
ov; ov; oV,
ox, oY, 0z,
ou, o0U, JU,
N |V 3V, 3V, (B.41)

\/ E<G; — F

The fundamental magnitudes of the second order L,, M,, and N, are also
functions of the U,— and V,— coordinates of a point of the gear tooth flank G. In
general, these relationships can be represented in the form:

Ly=Ly(Ug, V) (B.42)
My=M,y(U,, V) (B.43)
Ng=N,(U,, Vy) (B.44)

The discriminant 7, of the second fundamental form @, _, can be calculated from
the following equation:
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Ty=1\/ LN, — M, (B.45)

We now come to a theorem, which is an essential justification for considering the
differential geometry of surfaces in connection with the six fundamental magnitudes.
It was first proven (1867) by Bonnet’ and may be enunciated as follows:

Theorem B.1 When six fundamental magnitudes E,, F,, G, and L,, M,, N, are
given, and when they fulfill the Gauss characteristic equation and the two
Mainardi®~Codazzi’ relations, they determine a gear tooth flank, G, uniquely say
as to its position and orientation in space.

This theorem is commonly referred to as the “main theorem in the theory of
surface” or simply as the “Bonnet theorem.” According to the main theorem, two
surfaces that have identical first and second fundamental forms must be either
congruent or symmetrical to one another.

By the use of the six fundamental magnitudes, all parameters of local geometry of
a given part surface can be calculated.

B.5 Principal Directions on a Gear Tooth Flank

The direction of vectors of the principal directions T, , and T, , at a point of a gear
tooth flank, G, can be specified in terms of the ratio dU,/dV,. For the vectors T, ,
and T, , of the first and second principal directions, respectively, at a point m of a
smooth, regular part surface G, the corresponding values of the ratio dU//dV, are
calculated as the roots of the quadratic equation:

E,dUg+Fo,dV, FgdU,+G.dV, B.46
L,dU,+M,dV, M,dU,+N,dV,| (B.46)

The first principal plane section C;_ is perpendicular to the gear tooth flank Gata
current surface point m and passes through the vector of the first principal direction
T;. ;. The second principal plane section C,_ is orthogonal to the gear tooth flank G
at a current surface point m and passes through the vector of the second principal
direction T, ,.

The principal directions T; , and T, , can be identified at any and all points of
the smooth, regular gear tooth flank G, except for umbilic points and flat points of the
surface. At umbilic points of a surface, as well as at flat points, the principal
directions cannot be identified.

"Pierre Ossian Bonnet (December 22, 1819—June 22, 1892), a French mathematician.
8Gaspare Mainardi (June 27, 1800-March 9, 1879), an Italian mathematician.
“Delfino Codazzi (March 7, 1824-July 21, 1873), an Italian mathematician.



Appendices 367

In the theory of gearing, it is often preferred to not use the vectors T} . and T> ,
of the principal directions but, instead, to use the unit vectors t; , and t, . of the
principal directions. The unit tangent vectors t; . and t, , are calculated from the
equations:

t,= (B.47)
¢ |Tl»g|
T2.g

b= |T2'g| (B.48)

respectively.

The unit tangent vectors t; , and t,, , of the principal directions at a point 7 on the
gear tooth flank G along with the unit normal vector n, at the same point m comprise
an orthogonal local frame (t;_ 4, t5 ., n,). All three unit vectors t; ,, t>. ., and n, are
mutually perpendicular to one another. The local frame (t; ,,t, ,,n,) is commonly
referred to as a “Darboux frame.”

B.6 Curvatures at a Point of a Part Surface

The first and second principal radii of curvature, i.e., Ry ,and R, ,, respectively, ata
point of the gear tooth flank G are measured within the first and second principal
plane sections C;. , and C, ,, respectively. For the calculation of values of the
principal radii of curvature, the following equation is commonly used:

R ENg —2F My + Gl ,  Hy _ (B.49)

T, Re+ Ty
One should remember that algebraic values of the radii of principal curvature R,
and R, , relate to one another as R, o > R, _,. In particular cases, at umbilic points on
the gear tooth flank G, no principal curvatures can be identified as all normal
curvatures of the tooth surface G at an umbilic point are equal to one another.
Another two important parameters of the local topology of the gear tooth flank G
are as follows:

* The mean curvature M,
* The intrinsic curvature (Gaussian curvature or full curvature) curvature G,

For the calculation of the curvatures M, and G,, the following equations are
commonly used:

= 8o ke E FeM, + Gy L
2 (EgGg—Fg)

M, (B.50)
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LyN, — M§

= B.S]
E,G,—F; (B.51)

gg = k1~g : k2~g

The expressions for the mean curvature 2, and for the Gaussian curvature G,:

o kl.g +k2.g
o 2

Gg:kl.g 'k2.g (B53)

M, (B.52)

considered together yield a quadratic equation with respect to the principal curva-
tures Ky o and kp g

ke —2M kg + G, =0 (B.54)

The following formulae

kg =My +1\/ M; -G, (B.55)

kg =My —\/ M3~ G, (B.56)

are the solutions to Eq. (B.54).

Here, in Egs. (B.55) and (B.56), the first principal curvature of the gear tooth flank
G at a current point m is designated as k;_ ,, and k,_, is designated as the second
principal curvature of the gear tooth flank G at the same point m.

The principal curvatures k; . and k, , are the reciprocals of the corresponding
principal radii of curvature Ry, and R, ,:

1
kio=— B.57
l.g Rl.g ( )
1
kyg= E (B.58)

The first principal curvature k; , is always larger than the second principal
curvature k, , of the gear tooth flank G at a current point m — that is, the inequality:

k14g >k2.g (B59)

is always valid.

This brief consideration of the major elements of part surface geometry makes it
possible to introduce two definitions that are of critical importance for further
discussion.
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As already mentioned earlier in this section of the book, it was proven by Bonnet
that the specification of the first and the second fundamental forms determines a
unique surface if “Gauss’ characteristic equation” and the “Mainardi—Codazzi rela-
tions of compatibility” are satisfied and those two surfaces that have identical first
and second fundamental forms are congruent.'” The six fundamental magnitudes
determine a surface uniquely, except as to its position and orientation in space.

Specification of a surface in terms of the first and second fundamental forms is
usually called the “natural kind” of surface representation. In general form, this kind
of part surface representation can be expressed by a set of two equations:

Natural form
GZ §(¢1.g, q)24g)

of surface G representation

% q)l-g:(DLg(Eg’ Fg, Gg)
q)lg:q)lg(Eg’ Fg, Gg, Lg, Mg, Ng)

(B.60)

Equation (B.60) can be derived from Eq. (B.1). A given gear tooth flank G can be
expressed in both forms, namely, either by Eq. (B.19) or by Eq. (B.1).

B.7 Illustrative Example

Let us consider an example of how an analytical representation of a surface in a
Cartesian reference system can be converted into the natural representation of the
same surface.

A Cartesian coordinate system X,Y,Z, is associated with a gear tooth flank G as
schematically shown in Fig. B.3.

The position vector of a point r, of the gear tooth flank G can be represented as
the sum of three vectors:

r,=A+B+C (B.61)

Each of the vectors A, B, and C can be expressed in terms of projections onto the
axes of the reference system X,Y,Z,. Then, Eq. (B.61) is cast into the equation:

19Two surfaces with the identical first and second fundamental forms might also be symmetrical.
Refer to the literature — Koenderink, J.J., Solid Shape, The MIT Press, Cambridge, MA, 1990,
699 pages — on the differential geometry of surfaces for details about this specific issue.
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Fig. B.3 Derivation of the
natural form of the
representation of a gear
tooth flank, M

Base cylinder

helix
&
g
=y
/Yg Involute curve

T4 €08 Vo + Uy cOSThsin Vg
rpgsinVy, —Ugsing, g sinV,

o (Ug, Vo) = (B.62)

rpgtanty o — Ugsint,g
1

This yields the calculation of two tangent vectors Ug(U,, V,) and V (U, V,),
which are correspondingly equal:

CoS Tpgsin V,

— cosTpgcosVy,

Uy (Ug. V) = (B.63)

— sinty,
0

—Ipgsin Vg + Ug cos 7j,4 cOS Vg
rhg €08V, + Ugcosty,,sinV,

V. (U, V,)= B.64
g( & g) rpgtanty g ( )

0

By substituting the derived vectors U, and V, in Eq. (B.14), one can come up
with the formulae for the calculation of the fundamental magnitudes of the first
order:



Appendices 371

E,=1 (B.65)
__ _Tbe
Fo= = qan- (B.66)

2 cosd 2
Ugcos™tpe+1,

G, = (B.67)

oS 2Tp o

These expressions can be directly substituted in Eq. (B.12) for the first funda-
mental form @, of the gear tooth flank G:

U cos*z,

) Ip, +rb 2
¢, = dUg—2F§b’gdugarvgJr Lav;, (B.68)

oS 27,

The derived expressions for the fundamental magnitudes E,, F,, and G, (see
Egs. (B.65) through (B.67)) can also be substituted in Eq. (B.13). In this manner, a
corresponding matrix representation of the first fundamental form @, , of the gear
tooth flank G can be calculated. The interested reader may wish to complete these
formulae on his or her own.

The discriminant H, of the first fundamental form of the gear tooth flank G can be
calculated from the expression:

H,=U,cos7, (B.69)

In order to derive an equation for the second fundamental form ®,_, of the gear
tooth flank G, the second derivatives of the position vector of the point rg (U, V,)
with respect to the U,— and V,— parameters are necessary. The above-derived
equations for the tangent vectors U, and V, (see Egs. (B.63) and (B.64)) make the
following expressions for the derivatives under consideration possible:

0
% = g (B.70)
1
CoS Ty COSV,
U, _ oV, _ | cosTug sinV, (B71)
oV,  0U, 0
1
—7pg€08 Vg —UgcosTy,sinVy
oV, | e sin Vg + U, cos 75,4 cOs Vg (B.72)
v, 0

1
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Furthermore, these expressions (see Eqgs. (B.70) through (B.72)) are substituted in
Egs. (B.36) through (B.38). After the necessary formula transformations are com-
plete, Egs. (B.36) through (B.38) are cast into the set of formulae for the calculation
of the fundamental magnitudes of the second order of the gear tooth flank G. This set
of formulae is as follows:

L,=0 (B.73)
M, =0 (B.74)
Ny= —U,sint,4c087), (B.75)

Furthermore, after substituting Eqs. (B.73) through (B.75) in Eq. (B.31), an
equation for the calculation of the second fundamental form of the gear tooth flank
G can be represented in the form:

@y, = —drg-dNg= —U,sinty,cost,,dV; (B.76)

Similar to Eq. (B.68), the derived expressions for the fundamental magnitudes L,,
M,, and N, of the second order can be substituted in Eq. (B.32) for the second
fundamental form @, _,. In this manner, a corresponding matrix representation of the
second fundamental form @, _, of the surface G can be derived. The interested reader
may wish to complete this formula transformation on his or her own.

For the calculation of the discriminant 7, of the second fundamental form @, , of
the gear tooth flank G, the following expression can be used:

Ty=U,sinty,co87p, (B.77)

The natural representation of the gear tooth flank G can be expressed in terms of
the derived set of six equations for the calculation of the fundamental magnitudes of
the first E,, F,, G, and second L,, M,, and N, orders (see Table B.1).

All major elements of the local geometry of the gear tooth flank G can be
calculated based on the fundamental magnitudes E,, F,, G, and L,, M,, N, of the
first ®; p and second @, , fundamental forms, respectively. The location and
orientation of the gear tooth flank G are the two parameters that remain indefinite.

Once a part surface is represented in its natural form — that is, it is expressed in
terms of the six fundamental magnitudes of the first and second orders —further
calculation of the parameters of a gear tooth flank, G, becomes much easier. In order
to demonstrate the significant simplification of the calculation of the parameters of a
gear tooth flank, G, several useful equations are presented below as examples.

Table B.1 The fundamental
magnitudes of the first and Toa
second orders of the involute Fo=— 005 Thg g

gear tooth flank G G.— U; cos* o417 , Ng= — Ugsinty, ocos 1) ,
g c0s 27,

E,=1 L,=0
=0
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B.8 Few More Useful Equations

Many calculations of the parameters of geometry can be significantly simplified by
use of the first and second fundamental forms of a smooth, regular part surface, G.

1. For the calculation of the radius R, of normal curvature within a normal plane
section through a current point m on a gear tooth flank G and at a given direction,
the following equation can be used:

_ Dig

Rg N ¢)2Ag

(B.78)

2. Euler’s formula for the calculation of the normal curvature ky_, at a point /2 in a
direction that is specified by the angle € can be represented as follows:

koo =ki 4 cos?0 +ky, sin 6 (B.79)

Here, in Eq. (B.79), 0 is the angle that the normal plane section C, makes with the
first principal plane section C;_,. In other words, 0 = £ (t,, t;_,); here, t, is the unit
tangent vector within the normal plane section C,.

Equation (B.79) is also a good illustration of the significant simplification of the
calculations when the fundamental magnitudes E,, F, G, and Ly, M,, N, of the first
and second orders, respectively, are used.

In order to gain a profound understanding of the differential geometry of surfaces,
the interested reader may wish to refer to advanced monographs in the field.
Systematic discussions of the topic are available from many sources. The author
would like to turn the reader’s attention to the books by doCarmo, Eisenhart, Stuik,
and others.

Appendix C: Contact Geometry of the Tooth Flanks of a
Gear and a Mating Pinion

In the theory of gearing, the kinematics of gearing is considered as the prime element
of a gear pair. Other important elements of gearing, namely, (a) The shape and
geometry of a gear tooth flank, G (b) The shape and geometry of a mating pinion
tooth flank, P (as well as numerous others) are considered as the secondary elements
of gearing. This does not mean that the importance of the secondary elements is
lower than that of the primary element. No, this is incorrect. This just means that the
most favorable parameters of the secondary elements can be expressed in terms of
the parameters of the prime element. Ultimately, an entire gear pair can be synthe-
sized on just the premise of the prime element — that is, on the premise of the
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desirable kinematics of the gear pair. In other words, having just the desirable
kinematics of the gear pair to be designed, it is possible to synthesize the rest of
the design parameters of the gear pair. Only the kinematics of gearing is used for the
purposes of synthesizing the best possible gear pair for transmitting the input
rotation and torque.

In order to solve the problem of synthesizing the most favorable gear pair, an
appropriate analytical description of the contact geometry of the gear tooth flank G
and the mating pinion tooth flank ? is required. The problem of an analytical
description of the contact geometry between two smooth regular surfaces in the
first order of tangency is a sophisticated one.

Investigation of the contact geometry of curves and surfaces can be traced back to
the eighteenth century. In considerable detail, the study of the contact of curves and
surfaces was undertaken by J.L. Lagrange'' in his Theorié des Fonctions
Analytiques (1797) and by A.L. Cauchy'? in his Lecons sur les Applications du
Calcul Infinitésimal a la Geometrie (1826). Later on, in the twentieth century, an
investigation into the realm of the contact geometry of curves and surfaces was
undertaken by J. Favard'? in his Course de Geométrie Differentialle Locale (1957).
A few more names of the researchers in the field are to be mentioned.

The results of the research obtained from the field of contact geometry of two
smooth regular surfaces are widely used in the theory of gearing. The problem of
synthesizing the most favorable gear pair can be solved on the premise of the
analysis of the topology of the contacting surfaces in the differential vicinity of the
point of their contact.

Various methods for the analytical description of the contact geometry between
two smooth regular surfaces have been developed by now. The latest achievements
in the field are discussed in numerous papers and monographs available in the public
domain.

An in-detail analysis of the known methods of the analytical description of the
geometry of contact between two smooth regular surfaces has uncovered the poor
capability of the known methods to solve problems in the field of designing efficient
gear pairs. Therefore, an accurate method for the analytical description of the contact
geometry between two smooth regular surfaces, G and 2, in the first order of
tangency, which fits the needs of the theory of gearing, is necessary. Such a method
is worked out in this chapter.

It is convenient to begin the discussion starting from an analytical description of
the local relative orientation of the gear tooth flank G and that of the mating pinion
tooth flank ?. The proposed analytical description is relevant to the differential
vicinity of the point of contact K of the tooth flanks G and P.

" Joseph-Louis Lagrange (January 25, 1736-April 10, 1813), an Italian-born (born Giuseppe
Lodovico (Luigi) Lagrangia) famous French mathematician and mechanician.

12 Augustin-Louis Cauchy (August 21, 1789-May 23, 1857), a famous French mathematician.
13 Jean Favard (August 28, 1902—-January 21, 1965), a French mathematician.
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Cip

N

Tangent plane

Fig. C.1 Local configuration of two quadrics that are tangent to a gear tooth flank G and to a
mating pinion tooth flank © at a contact point K. (After S.P. Radzevich, ~2008)

C.1 Local Relative Orientation at a Point of Contact
of the Tooth Flanks of a Gear and a Mating Pinion

When the gears rotate, the gear tooth flank G and the mating pinion tooth flank 2 are
in permanent tangency to one another. The contacting surfaces G and P can be
locally approximated by the corresponding quadrics as schematically illustrated in
Fig. C.1. The requirement to be permanently in tangency to each other imposes a
kind of restriction on the relative configuration (location and orientation) of the tooth
flanks G and P on their instantaneous relative motion.

In the theory of gearing, a quantitative measure of the relative orientation of a gear
tooth flank, G, and of the mating pinion tooth flank, P, is established.

The relative orientation of a point of contact of a gear tooth flank, G, and of a
mating pinion tooth flank, ®, is specified by the angle y of the local'* relative
orientation of the surfaces. By definition, angle u is equal to the angle that the unit
tangent vector t;_, of the first principal direction of the gear tooth flank G forms with
the unit tangent vector t,_,, of the first principal direction of the mating pinion tooth
flank . This same angle u can also be determined as the angle that makes the unit

'“The surface orientation is “local” by nature, as it relates only to the differential vicinity of point
K of contact of the tooth flanks G and 2.
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tangent vectors t, . and t,_, of the second principal directions of the surfaces G and
P at contact point K. This immediately yields equations for the calculation of the
angle y:

sinp = [t o Xt | = |trg X ta,], (C.1)
Cos u :tl.g . tLp :tz_g . tzAp, (CZ)
toxt th, Xt
tan y = | l.g l.p’ = | 2.8 2.p’ (C3)
tl.g . tl.p t2,g : tZ.p

where

t;. ¢ o, are the unit vectors of the principal directions on the gear tooth flank G
measured at contact point K.

t;. ;. tp , are the unit vectors of the principal directions on the mating pinion tooth
flank © at the same contact point K of the tooth flanks G and .

The directions of the unit tangent vectors t; . and t, , of the principal directions
on the gear tooth flank G (as well as the directions of the unit tangent vectors t; , and
t, , of the principal directions on the pinion tooth flank ) can be specified in terms
of the ratio dU,/dV, (or in terms of the ratio dU,/dV,, in the case of the pinion tooth
flank ). The corresponding values of the ratio dU,(,,)/dV(,) are calculated as roots
of the quadratic equation:

dUg(p) dU ()
Eep) gv. . TFew) Faw) gy T Get)
g(p) 2(p) -0 (C 4)
du du :
L o) s +M ) M o) ) + N, )
P dVep E P dVp) 8

In the case of point contact of the surfaces G and P, the actual value of the angle y
is calculated at the contact point K. If the tooth flanks G and P are in line contact,
then the actual value of the angle i can be calculated at every point within the line of
contact.'” The line of contact of the tooth flanks G and © is commonly referred to as
the “characteristic line” E or just as the characteristic Z, for simplicity.

Determination of the angle y of the local relative orientation of the tooth flanks G
and P of a gear and a mating pinion, respectively, is illustrated in Fig. C.1.

In order to calculate the actual value of the angle u of the local relative orientation
of the tooth flanks G and 2, the unit vectors of the principal directions t; ,and t; ,
are employed.

"1t is worthy pointing out here that in the case of line contact, the relative orientation of the two
surfaces G and P is predetermined in a “global” sense. However, the actual value of the angle u of
the surface “local” relative orientation at different points of the characteristic £ is different.
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Gy

-8

Fig. C.2 Local relative orientation at the contact point of the tooth flanks of a gear, G, and a mating
pinion, P, considered in a common tangent plane

Let us consider the tooth flanks G and 2 in point contact, which are represented in
a common reference system. The surfaces make contact at a point K. For further
analysis, an equation of the common tangent plane to the tooth flanks G and P at the
contact point K is necessary (see Figs. C.1 and C.2).

(rp—rk) Uy vg=0 (C5)

Here,

ry, is the position vector of a point of the common tangent plane.

rg is the position vector of the contact point K.

u, and v, are the unit vectors that are tangent to the U,— and V,— coordinate lines,
respectively, on the gear tooth flank G at the contact point K.

The angle w, is one that is formed by the unit vectors u, and v,. The actual value
of the angle w, can be calculated from one of the following equations:
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E,G, — F?
sinw, = e : (C.6)
sUs
F
oS Wy = EgG (C.7)
sUsg
E,G, — F?
tan w, = 7 : (C.8)

Equations similar to Egs. (C.6) through (C.8) are also valid for the calculation of
the angle w,, at a point of the pinion tooth flank .

The respective tangent directions u, and v, to the U,— and V,— coordinate lines
at a point of the gear tooth flank G as well as the respective tangent directions u,, and
v, to the U,— and V,,— coordinate lines at a point on the pinion tooth flank 2 are
specified in terms of the angles 8 and ¢, respectively. For the calculation of the actual
values of the angles 6 and ¢, the following equations can be used:

cosf=u, - u, (C.9)
COSE=V, -V, (C.10)
The angle &, is one that the first principal direction t; , on the gear tooth surface G

forms with the unit tangent vector u, (see Fig. C.2). The equation for the calculation
of the actual value of the angle £, was derived by Prof. S.P. Radzevich:

Mg
\/ng2 — 21, cos wg + 1

siné, = sin w, (C.11)

where 7, is the ratio n, = %.
8
In the event F, = 0, the equality tan£, = 7, is observed. Here, the ratio 7, is equal
to the root of the quadratic equation:

(FoLy — EMg)n; + (GoLg — EqNg) g+ (GeMy — FeN) =0 (C.12)
which immediately follows from the equation:

EdUg+FydV, FodUg+GydV, |

= (C.13)
LedU,+M,dV, M,dU,+N,dV,

The equation for the calculation of the actual value of the angle &, allows for
another representation. Following the chain rule, dr, can be represented in the form:
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dr,=U,dU,+V,dV, (C.14)
By definition, tan§, = :‘02% The functions siné, and cosé, yield representations
such as:
siné, = M (C.15)
’Ug‘ ’ |drg|
U, -dr
cosépg= —— 5 (C.16)
g |U8| - |drg]
The last expressions yield:
tan&, — sind,  |Up xdry| U < dr|
¢ cosé Uprdrg Uy (UpdUy +V,dV,y) (C.17)
_ [Ug xdrg| -dV,
- U, U,dU,+ U, - V,dV,
By definition:
U, -U,=E, (C.18)
U, - V,=F, (C.19)

U, % V| =/ E,G, — F; (C.20)

Equations (C.14) through (C.20) yield the formula:

2
VEGe T c21)

tanfg_ Mg “Eg+F,
for the calculation of the actual value of the angle &,.

Equations similar to Eqs. (C.11) and (C.21) are also valid for the calculation of
the actual value of the angle &, that the first principal direction t;_, at a point of the
pinion tooth flank # forms with the unit tangent vector u,,.

The performed analysis makes possible the following equations for the calcula-
tion of the unit vectors of the principal directions t; , and t;_ ,:

tio=Rt(&, n,) - u, (C.22)
o =Rt |(&+ ) n] g (C.23)

for the gear tooth flank G and similar equations for the calculation of the unit vectors
of the principal directions t; , and t,



380 Appendices

ti, =Rt(£,, n,) -u, (C.24)
t,=Rt|(5,+7) n] -, (C.25)

for the pinion tooth flank 2.

The operator of rotation Rt(@4,A() through an angle ¢4 about an axis Ay is
employed for the calculation of the operators of rotation in Egs. (C.22) through
(C.25).

C.2 The Second-Order Analysis: Planar Characteristic Images

For a more accurate analytical description of the contact geometry of the gear tooth
flank G and the pinion tooth flank 2, consideration of the second-order parameters is
necessary. A second-order analysis incorporates elements of both the first- and
second-order analyses. For performing a second-order analysis, familiarity with
the “Dupin indicatrix™ is highly desirable.'® This is a perfect starting point for
consideration of the second-order analysis.

C.2.1 Preliminary Remarks: Dupin Indicatrix

At any point of a smooth regular gear tooth flank, G (as well as at any point of a
smooth regular pinion tooth flank, 2), a corresponding Dupin indicatrix can be
constructed. The Dupin indicatrix Dup (G) at a point of the gear tooth flank G as well
as the Dupin indicatrix Dup () at a point of the pinion tooth flank # are planar
characteristic curves of the second order. They are used for graphical interpretation
of the distribution of the normal radii of curvature of a surface in the differential
vicinity of a surface point.

A Dupin indicatrix at a point of the tooth flank G (as well as at a point of the tooth
flank P) is of critical importance in the theory of gearing. Generation of this planar
characteristic curve is illustrated with a diagram shown in Fig. C.3.

A plane W through the unit normal vector n, to the gear tooth flank G at a point
m rotates about the unit normal vector m,. While rotating, the plane occupies
consecutive positions Wy, W,, W3, and others. The radii of normal curvature of the
line of intersection of the gear tooth flank G by the normal planes Wy, W,, W3 are
equal to R, 1, R, 2, R, 3, respectively, and so forth. The gear tooth flank G is
intersected by a plane Q. The plane Q is orthogonal to the unit normal vector n,. This
plane is at a certain small distance 6 from the point m. When the distance o
approaches zero (6 — 0) and when the scale of the line of intersection of the gear
tooth flank G by the plane Q approaches infinity, the line of intersection of the gear

1$Fransua Pier Charles Dupin (October 6, 1784—January 18, 1873), a French mathematician.
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Dup(.5) -

Fig. C.3 A Dupin indicatrix at a point of a smooth regular gear tooth flank, G

surface G by the plane Q approaches the planar characteristic curve that is commonly
referred to as the Dupin indicatrix Dup (G).

In the differential geometry of surfaces, a surface is construed as a zero-thickness
film. Because of this, the Dupin indicatrices of the following five different types are
distinguished in the differential geometry of surfaces (see Fig. C.4):

+ Elliptic (see Fig. C.4a)

* Umbilic (see Fig. C.4b)

» Parabolic (see Fig. C.4c)

* Hyperbolic (see Fig. C.4d)
* Minimal (see Fig. C.4e)

A Dupin indicatrix for a plane local surface patch does not exist. In the case of a
plane, all points of the Dupin indicatrix are remote to infinity.

For local surface patches having a negative full curvature (G, <0), the phantom
branches (that is, the branches that are not intersected by a plane perpendicular to the
unit normal vector n, to the gear tooth flank G at a point, m) of the characteristic
curve Dup (G), in Fig. C.4d and e, are shown in dashed lines.

An easy way to derive an equation of the characteristic curve Dup (G) is discussed
immediately below.

Euler’s formula:

ki g cos?g -+ ky g sin’p =k, (C.26)

yields a representation in the form:
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Fig. C.4 Five different kinds of Dupin indicatrices, Dup (G), at a point m of a smooth regular gear
tooth flank, G

k
“L2 cos 2ga+

kag sin?p =1 (C.27)
kg

kg

The transition from polar coordinates to Cartesian coordinates can be performed
using well-known formulas:

Xg=p COSQ (C.28)
Ye=p sing (C.29)

2

These formulas make the following expressions for cos 2¢:x§ /p~ and

sin?p = y§ /p* possible. After substituting the last formulas in the above equation
(C.27), one can come up with the equation:

£ 1. (C.30)

It is convenient to designate p =4/ k, ', The principal curvatures k;. cand ky

are the roots of the quadratic equation:
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L,—Ek, M,—Fok
g — Lk g~ Fele| _ (C.31)
M, —Fi,ky Ny —Ggk,
Substituting the calculated values of the principal curvatures k; , and k, . in
Eq. (C.30), and after performing the necessary formula transformations, an equa-
tion'” for the Dupin indicatrix Dup (G) can be represented in the form:

kigX +kygyy =1 (C.32)

Equation (C.32) describes a particular case of the Dupin indicatrix, which is
represented in a Darboux frame.'®

The general form of the equation of a Dupin indicatrix at a point m of a gear tooth
flank, @G, is often represented as:

L 2M N
Dup(G) = —gxz—i—igxgyg—&——gy;:l (C.33)

Eg & \/EgGg Gg

In Eq. (C.33), the characteristic curve Dup(G) is expressed in terms of the
fundamental magnitudes E,, F,, and G, and L,, M,, and N, of the first ®, , and
second order ®,_ , fundamental magnitudes, respectively, at a point of the gear tooth
flank G.

C.2.2 Matrix Representation of the Equation of a Dupin Indicatrix
at a Point of a Gear Tooth Flank

Like any other quadratic form, the equation of a Dupin indicatrix of the gear tooth
flank G can be represented in matrix form:

7The same equation of the Dupin indicatrix could be derived in another way. Coxeter considers a
pair of conics obtained by expanding an equation in Monge’s form z = z(x, y) in a McLaurin series:

1 1
z=2(0,0) +zix+ 20y + 5 (Zux% +2212xy+222y2) t=3 (buxz +2b12X}’+b22y2)~

This gives the equation (b; x4 2byoxy + b22y2) = + 1 of the Dupin indicatrix.
18 Jean Gaston Darboux (August 13, 1842—February 23, 1917), a French mathematician.
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ﬁ 2My 0O 0
Eq E,G, Xg
2M N y
D 0 0].|— £ 0 0f.|"%|=x1
w(g) = [% ] E,Gg G 0 *
0 0 F1 O 0
| 0 0 0 1]
(C.34)
In a Darboux frame, this equation reduces to:
L, M, 0 0 Xg
M, N 0 O y
Du = [x 0 o].| ¢ ¢ fl=+1 (C35
P& = [ oo 0 0|0 D (€35)
0 0 0 1 0

It is convenient to implement a matrix representation of the equation of the Dupin
indicatrix (see above), for instance, when investigating spatial gearings, that is,
crossed-axis gearings, when multiple coordinate system transformations are
required.

The equation of the Dupin indicatrix can be represented in the form:

roup (@) = \/ [Re()| - sgn @ (C.36)

This equation reveals that the position vector of a point of the Dupin indicatrix
Dup (G) in any direction is equal to the square root of the radius of curvature in the
same direction.

19Similar to the Dupin indicatrix Dup(G), a planar characteristic curve of another type can
be introduced. The equation of this characteristic curve can be postulated in the form:
roupk (@) =/ |kg ()] - sgn @5 g‘ . Application of the curvature indicatrix in the form rpy, «(¢)
makes avoiding uncertainty in cases of the plane surface possible. For a plane surface, the
characteristic curve Dup(G) does not exist, whereas rpyp. «(¢) exists. It shrinks to the point m on
the gear tooth flank G.
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C.3 Degree of Conformity at a Point of Contact of the Tooth
Flanks of a Gear and a Mating Pinion (in the First Order
of Tangency)

For an accurate analytical description of the contact geometry of the gear and mating
pinion tooth flanks in the first order of tangency, it is necessary to perform a higher-
order analysis.

The method discussed below of a higher-order analysis targets the development
of an analytical description of the degree of conformity of the pinion tooth flank ? to
the gear tooth flank G at a current point K of their contact. The higher the degree of
conformity of the tooth flanks G and P, the closer are these surfaces to each other in
the differential vicinity of the point K. This qualitative (“intuitive”) definition of the
degree of conformity of two smooth regular surfaces needs a corresponding quan-
titative measure.

C.3.1 Preliminary Remarks

Implementation of the resultant deviation /¢ (see Fig. C.5) of two smooth regular
surfaces in contact for an analytical description of their contact geometry is a type of
straightforward solution to the problem under consideration. This approach is proven
to be computationally ineffective. However, the approach provides an insight into
how an effective method for solving the problem under consideration can be
developed.

m
g *
¢ MMy > loyr
4
K m
Tangent plane sz, 0 g

Fig. C.5 Transition from the resultant deviation /., to the indicatrix of conformity Cnf(G/®) at the
contact point K between two smooth regular tooth flanks G and P
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As seen in Fig. C.5, three geometrical parameters are interrelated when a devia-
tion of a surface from the tangent plane is considered in the differential vicinity of a
surface point. They are as follows:

(a) The measure of the deviation mgm; of a gear tooth flank, G, from the tangent

plane L..¢
(b) The distance Km,, of a current point mg from the contact point K

(c) The radius of normal curvature R, of the gear tooth flank g at the contact point K

As a consequence of this relationship among the parameters mgnt,, Kni,, and R,
any one of them can be used for the purposes of quantitative evaluation of the degree
of conformity of the contacting tooth flanks G and © of the gear and mating pinion,
respectively. It follows from Fig. C.5:

= lenf (C.37)

2
mgm; =R, — R§ — (sz)

mg— K

Inversely, for the radius of normal curvature R, at a point of the gear tooth flank
G, the following expression is valid:

2 2
(m m*) + (Km*)

Re= L (C.38)

8""g

Ultimately, one may conclude that any legitimate analytical function of the
normal radii of curvature R, and R, at a point of contact of the gear tooth flank G
and the pinion tooth flank 2 can be used for this particular purpose.

Let us consider two smooth regular tooth flanks G and 2 in the first order of
tangency that make contact at a point K. The degree of conformity of the tooth flanks
G and P can be construed as a function of the radii of normal curvature R, and R,, of
the contacting surfaces. The radii of normal curvature R, and R, of the tooth flanks G
and P, respectively, are taken in a common normal plane section through the point K.
For a specified radius of normal curvature R, of the tooth flank G, the degree of
conformity of the tooth flanks depends upon the corresponding value of the radius of
normal curvature R,, of the pinion tooth flank ®.

In most cases of gear meshing, the degree of conformity at a point of contact of
the tooth flanks G and P is not constant and changes as the coordinates of the contact
point change. The degree of conformity of the surfaces relative to one another
depends on the orientation of the normal plane section through the contact point
K and changes as the normal plane section turns about the common perpendicular n,.
This statement immediately follows from the above-made conclusion that the degree
of conformity at a point of contact of the tooth flanks G and P yields interpretation in
terms of the radii of normal curvature R, and R),, respectively.
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Fig. C.6 Sections of two smooth regular tooth flanks G and 2 in contact by a plane through the
common perpendicular n,

The change of the degree of conformity of a gear tooth flank G and a mating
pinion tooth flank 2 due to turning of the normal plane section about the common
perpendicular n, is illustrated in Fig. C.6. Here, in Fig. C.6, just two-dimensional
examples are shown, for which the same normal plane section of the gear tooth flank
G makes contact with different plane sections ?' of the pinion tooth flank .

In the example shown in Fig. C.6a, the radius of normal curvature Rll7 of the
convex plane section 2" of the pinion tooth flank % is positive (R} > 0). The convex
normal plane section of the pinion tooth flank 7 makes contact with the convex
normal plane section (R, > 0) of the gear tooth flank G. The degree of conformity of
the pinion tooth flank 2 to the gear tooth flank Gin Fig. C.6a is relatively low as both
the contacting surfaces are convex.

Another example is shown in Fig. C.6b. The radius of normal curvature Rf, of the
convex plane section P2 of the pinion tooth flank ? is also positive (RIZJ >0).
However, its value exceeds the value R}) of the radius of normal curvature in the
first example (R> > R,). This indicates that the degree of conformity of the pinion
tooth flank 2 to the gear tooth flank G (Fig. C.6b) is greater compared to that shown
in Fig. C.6a.
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In the next example depicted in Fig. C.6¢, the normal plane section P3 of the
pinion tooth flank 2 is represented with a locally flat section. The radius of normal
curvature R) of the flat plane section #° approaches infinity (R> — co). Thus, the
inequality Rg > R; > Rll, is valid. Therefore, the degree of conformity of the pinion
tooth flank 2 to the gear tooth flank G in Fig. C.6c, also increases.

Finally, for a concave normal plane section, P, of the pinion tooth flank © that is
illustrated in Fig. C.6d, the radius of normal curvature R;‘ is of a negative value
(R; < 0). In this case, the degree of conformity of the pinion tooth flank © to the gear
tooth flank G is the greatest of four examples considered in Fig. C.6.

The examples shown in Fig. C.6 qualitatively illustrate what is known intuitively
regarding the different degrees of conformity of two smooth regular surfaces in the
first order of tangency. Intuitively, one can realize that in the examples shown in
Fig. C.6a—d, the degree of conformity at a point of contact of the two tooth flanks G
and P is gradually increased.

A similar observation is made for a given pair of the tooth flanks G and P, when
different sections of the surfaces by a plane surface through the common perpen-
dicular n, are considered (see Fig. C.7a). When rotating the plane section about the
common perpendicular ng, it can be observed that the degree of conformity of the
gear and the pinion tooth flanks, i.e., G and P, respectively, is different in different
configurations of the cross-sectional plane (see Fig. C.7b).

The above examples provide an intuitive understanding of what the degree of
conformity at a point of contact of two smooth regular tooth flanks, G and P, means.
These examples cannot be directly employed to quantitatively evaluate the degree of
conformity at a point of contact of two smooth regular tooth flanks, namely, G and 2.
The next necessary step is to introduce an appropriate quantitative evaluation of the
degree of conformity of two smooth regular surfaces in the first order of tangency. In
other words, how can a certain degree of conformity of two smooth regular surfaces
be described analytically?

7

(a) (b)

Fig. C.7 An analytical description of the contact geometry of two smooth regular tooth flanks, G
and P, of a gear and a mating pinion, respectively
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C.3.2 The Indicatrix of Conformity at a Point of Contact of the Tooth
Flanks of a Gear and a Mating Pinion

This section is aimed at introducing a quantitative measure of the degree of confor-
mity at a point of contact between two smooth regular surfaces. The degree of
conformity at a point of contact of two tooth flanks, G and P, indicates how the
pinion tooth flank 2 is close to the gear tooth flank G in the differential vicinity of a
point K of their contact, i.e., how much the surface ? is “congruent” to the surface G
in the differential vicinity of the contact point K. This particular type of congruency
between the contacting surfaces G and 2 can also be construed as the “local
congruency” of the contacting surfaces.

Quantitatively, the degree of conformity at a point of contact of a smooth regular
surface, P, to another surface, G, can be expressed in terms of the difference between
the corresponding radii of normal curvature of the contacting surfaces. In order to
develop a quantitative measure of the degree of conformity of the tooth flanks G and
©?, it is convenient to implement Dupin indicatrices, Dup(G) and Dup(P),
constructed at a point of contact of the gear tooth flank G and the pinion tooth
flank 2, respectively.

It is natural to assume that the smaller difference between the normal curvatures
of the surfaces G and 2, in a common cross section by a plane through the common
normal vector n, results in a greater degree of conformity at a point of contact of the
tooth flanks G and 2.

The Dupin indicatrix Dup (G) indicates the distribution of the radii of normal
curvature at a point of the gear tooth flank g, as it had been shown, for example, for a
concave elliptic patch of the surface G (see Fig. C.8). For a gear tooth flank, G, the
equation of this characteristic curve in polar coordinates can be represented in
the form:

Dup(G) = re(w,) =1/IRe(0,)] (C.39)

where

r, is the position vector of a point of the Dupin indicatrix Dup(§) at a point of the
gear tooth flank G.
@, is the polar angle of the indicatrix Dup(G).

The similar is true with respect to the Dupin indicatrix Dup(G) at a point of the
pinion tooth flank 2, as was shown earlier, for instance, for a convex elliptical patch
of the pinion tooth flank 2 (see Fig. C.8). The equation of this characteristic curve in
polar coordinates can be represented in the form:

Dup(?) = 1p(0,) =1/IR(0)] (C.40)

where
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Fig. C.8 The indicatrix of conformity Cnfg(®+—> G) at a point of contact of the tooth flanks G and
P. (After Prof. S.P. Radzevich: Radzevich, S.P., Differential-Geometric Method of Surface Gener-
ation, Dr. Sci. Thesis, Tula, Tula Polytechnic Institute, 1991, 300 pages)

r,, is the position vector of a point of the Dupin indicatrix Dup(§G) at a point of the
pinion tooth flank 2.
@, is the polar angle of the indicatrix Dup(®).

In the coordinate plane x,y, of the local reference system x,y,z,, the equalities
@, = @ and @, = ¢ + p are valid. Therefore, in the coordinate plane x,y,, Eqs. (C.39)
and (C.40) are cast into:

Dup(§) = rg(@)=1/IRe(o)] (C.41)

Dup(?) = (@, 1) =/IRy (0, )] (C.42)

When the degree of conformity at a point of contact of the gear tooth flank G is
greater, the difference between the functions r(¢) and r,,(¢, ) becomes smaller, and
vice versa. The last part makes the following conclusion valid:

Conclusion C.1 The distance between the corresponding®® points of the Dupin
indicatrices Dup(G) and Dup(?) constructed at a point of contact of a gear tooth

*0The corresponding points of the Dupin indicatrices Dup(P) and Dup(T)) share the same straight
line through the contact point K of the tooth flanks G and 2 and are located at the same side of the
point K.
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flank, G, and a mating pinion tooth flank, 2, can be employed for the purpose of
indication of the degree of conformity at a point of contact of the gear tooth flank G
and of the pinion tooth flank © at the contact point K.

The equation of the indicatrix of conformity Cnfg(G/®P) at a point of contact of a
gear tooth flank, G, and a mating pinion tooth flank, P, is defined to be of the
following structure:

Cnfr(G/P) = raat(@, #) = /IRg(@)]sgn Re(@) + /IRy (., )] sgn R, (o0, )
= rg(Q”) sgn Rg(§0) + rp((/’, ﬂ) sgn Rp((ﬂ, /4)

(C.43)

Because the location of a point a,, of the Dupin indicatrix Dup(§) at a point of the
gear tooth flank G is specified by the position vector r4(¢) and the location of a point
b,, of the Dupin indicatrix Dup() at a point of the pinion tooth flank @ is specified
by the position vector r,(¢, ), the location of a point ¢, (see Fig. C.8) of the
indicatrix of conformity Cnfz(G/®P) at a point of contact K of the tooth flanks G
and P is specified by the position vector r.,d@,u). Therefore, the equality
Tent(@, ) = Kc,, is observed, and the length of the straight-line segment Kc,, is
equal to the distance a,, b,,.

Here, in Eq. (C.43),

re =/ |R;| is the position vector of a point of the Dupin indicatrix of the gear tooth
flank G at a point K of contact with the pinion tooth flank 2 and

rp= \/\_I—?;,T is the position vector of a corresponding point of the Dupin indicatrix of
the pinion tooth flank 2.

Here, in Eq. (C.43), the multipliers sgnR(¢) and sgnR,,(¢p, u) are assigned to each
of the functions r,(@) =/ |Re(®)| and r,(¢p, ) =+/|R,(¢, u)|, respectively, for
just retaining the corresponding sign of the functions, that is, for retaining the same
sign that the radii of normal curvature R,(¢) and R,(¢, ) have.

Ultimately, one can conclude that the position vector r.,s of a point of the
indicatrix of conformity Cnfg(G/®) can be expressed in terms of the position vectors
re and r,, of the Dupin indicatrices Dup(§G) and Dup(?P), respectively.

For the calculation of the current value of the radius of normal curvature R (¢) at
a point of the gear tooth flank G, the equality:

Ri(o)= &= (C.44)

can be used.
Similarly, for the calculation of the current value of the radius of normal curvature
R,(, 1) at a point of the pinion tooth flank 2, the equality:
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Ry(p, ) = . (C.45)

can be employed.

Use of the angle u of the local relative orientation of the tooth flanks G and P
indicates that the radii of normal curvature Ry(¢) and R,(¢, u) are taken in a common
normal plane section through the contact point K.

Furthermore, it is well-known that the inequalities ®;, , > 0 and @, ,, > 0 are
always valid. Therefore, Eq. (C.43) can be rewritten in the following form:

Tent =Tg(¢) sgn d>2fg' +rp(@, 1) sgn d>2fpl (C.46)

For the derivation of an equation of the indicatrix of conformity Cnfg(G/®P), it is
convenient to use the Euler equation for the normal radius of curvature R,(¢) at a
point of the gear tooth flank G:

Ry, R
Ry(p) = e (C.47)
Rig-sin“p+ Ry, - cos?¢p

Here, the radii of principal curvature R; , and R, , are the roots of the quadratic
equation:

Ly-Rg—E; Mg -Ry—Fy -0 (C.48)
My -R;—F; Ng-R,—Gq

One should recall that the inequality R, , < R, , is always observed.

Equations (C.47) and (C.48) allow for expression of the radius of normal curva-
ture R,(¢) at a point of the gear tooth flank G in terms of the fundamental magnitudes
of the first order E,, F,, and G, and those of the second order L, M,, and N,.

A similar consideration is applicable to the pinion tooth flank 2. Omitting routine
analysis, one can conclude that the radius of normal curvature R,(¢, u) of a point of
the pinion tooth flank P can be expressed in terms of the fundamental magnitudes of
the first order E,, F,,, and G, and those of the second order L, M,,, and N,,.

Finally, on the premise of the above-performed analysis, the following equation
for the indicatrix of conformity Cnfg(G/®P) at a point of contact of the tooth flanks G
and P can be derived:

Tenr (@5 o) = J

. | E,G,
|LPG/7 cos*(¢+p) = Mp\/E,Gpsin2(g + ) + NpE, sin *(p+u)

E,G,
LG, cos2gp — Mg+ /E,G, sin 2¢ + N E, sin*p

sgn @

sgn @, pl

(C.49)
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Equation (C.49) of the characteristic curve?! Cnfg(P/T) is known from the late
1970s.

Analysis of Eq. (C.49) reveals that the indicatrix of conformity Cnfg(G/®P) at a
point of contact of a gear tooth flank G and the mating pinion tooth flank 2 is
represented by a planar centro-symmetrical curve of the fourth order. In particular
cases, this characteristic curve also possesses a property of mirror symmetry. Mirror
symmetry of the indicatrix of conformity is observed, for example, when the angle y
of the local relative orientation of the tooth flanks G and Pis equaltoy = + 7 - n/2,
where n is an integer.

It is important to observe here that even for the most general case of gearing, the
position vector of a point, re,(@, ), of the indicatrix of conformity Cnfg(G/P) is not
dependent on the fundamental magnitudes F, and F,. The independence of the
indicatrix of conformity Cnfz(G/®) of the fundamental magnitudes F, and F), is
because of the following:

The coordinate angle w, at a point of the gear tooth flank G can be calculated from
the formula:

g = arccos (C.50)

E,G,

It is natural that the position vector r.,f(@,u) of a point of the indicatrix of
conformity Cnfg(G/®) is not a function of the coordinate angle w,. Although the
position vector ren(@, #) depends on the fundamental magnitudes E,, G, and E,,, G,
the above analysis makes it clear why it does not depend upon the fundamental
magnitudes F, and F),.

Two illustrative examples of the indicatrix of conformity Cnfg(G/®) at a point of
contact of a gear tooth flank, G, and a mating pinion tooth flank, 2, are shown in
Fig. C.9. The first example (see Fig. C.9a) relates to the cases of contact of a saddle-
like local patch of the tooth surface G and of a convex elliptic-like local patch of the
tooth surface 2. The second one (see Fig. C.9b) is for the case of contact of a convex
parabolic-like local patch of the tooth surface G and of a convex elliptic-like local
patch of the tooth surface ?. For both cases (see Fig. C.9), the corresponding
curvature indicatrices Crv(G) and Crv(?) at the point of contact of the tooth flanks
G and P, respectively, are also depicted in Fig. C.9. The imaginary (phantom)
branches of the Dupin indicatrix Dup(G) (not labeled in Fig. C.9a) for the saddle-
like local patch of the gear tooth flank G are shown as a dashed line (see Fig. C.9a).

The gear tooth flank G and the pinion tooth flank ? can make contact geomet-
rically; however, the physical conditions of their contact could be violated. Violation

2! The equation of this characteristic curve is known from:
(a) Pat. No.1249787, USSR, A Method of Sculptured Part Surface Machining on a Multi-Axis
NC Machine, S.P. Radzevich, B23C 3/16, Filed: December 27, 1984, and (in hidden form) from:
(b) Pat. No.1185749, USSR, A Method of Sculptured Part Surface Machining on a Multi-Axis
NC Machine, S.P. Radzevich, B23C 3/16, Filed: October 24, 1983.
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Fig. C.9 Examples of the indicatrix of conformity Cnfg(G/®) at a point of contact K of a smooth
regular gear tooth flank, G, and a mating pinion tooth flank, P

of the physical conditions of the contact indicates that the bodies bounded by the
contacting surfaces G and P interfere with one another. Implementation of the
indicatrix of conformity Cnfg(G/®) immediately uncovers the surface interference
if there is any. Three illustrative examples of the violation of the physical conditions
of contact are illustrated in Fig. C.10. When the correspondence between the radii of
normal curvature of the contacting tooth flanks ¢ and ? is inappropriate, the
indicatrix of conformity Cnfg(G/®P) either intersects itself (see Fig. C.10a) or all
of it diameters become negative (see Fig. C.10b and c).
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Fig. C.10 Examples of violation of the physical conditions of contact of a smooth regular gear

tooth flank, G, and a mating pinion tooth flank, 2

Another interpretation of satisfaction and violation of the physical conditions of
contact of two smooth regular tooth flanks, G and 4, is illustrated in Fig. C.11. The
physical condition of contact is fulfilled when all diameters of the indicatrix of
conformity Cnfg(G/®P) are positive. In this case, the gear tooth flank G and the
mating pinion tooth flank P may contact one another like two rigid bodies do. An
example of the indicatrix of conformity Cnfz(G/®) for such a case is depicted in
Fig. C.11a. In cases in which this planar characteristic curve has negative diameters,
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Fig. C.11 Another interpretation of satisfaction (a) and violation (b) of the physical conditions of
contact of a smooth regular gear tooth flank, G, and a mating pinion tooth flank, 7

as schematically shown in Fig. C.11b, the physical contact between the tooth flanks
G and ? is infeasible.

The value of the current diameter’> d,; of the indicatrix of conformity
Cnfg(G/®) indicates that the degree of conformity to each of the gear tooth flank
G and the mating pinion tooth flank 2 is in a corresponding cross section of the
surfaces by a normal plane through the common perpendicular. The orientation of
the normal plane section with respect to the tooth flanks G and ? is specified by the
corresponding central angle ¢.

For the orthogonally parameterized gear tooth flank G and the mating pinion tooth
flank 2, the equation of the Dupin indicatrices Dup(G) and Dup(?) is simplified to:

Lox; +2Myxgy, + Ny, = £ 1 (C.51)
pr[% +2M,x,y, —|—pr[27 ==+1 (C.52)

After being represented in a common reference system, use of Egs. (C.51) and
(C.52) makes a simplified equation of the indicatrix of conformity Cnfg(G/®P) at a
point of contact of the tooth flanks G and P possible:

?2The diameter of a symmetrical curve that possesses a property of central symmetry can be defined
as a distance between two points of the curve, measured along the corresponding straight line
through the center of symmetry of the curve.
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Fent (@, 1) = (Lg cos>p — M sin2¢ + Ny singp) 03 sgn dDZ’_gl

+ [Ly c0s (g + 1) — My sin 2(p + ) + Ny sin>(p + )]

3 sgn (1>pr1
(C.53)

Equation (C.53) is valid for the orthogonally parameterized tooth flanks G and 2.

C.3.3 Directions of the Extremum Degree of Conformity at a Point
of Contact of the Tooth Flanks of a Gear and a Mating Pinion

The directions along which the degree of conformity at a point of contact of a gear
tooth flank, G, and a mating pinion tooth flank, 2, is extremum — that is, the degree of
conformity reaches either its maximal or minimal value — is of prime importance for
engineering applications. This issue is especially important for synthesizing a
favorable gear pair.

The directions of the extremal degree of conformity of the contacting smooth
regular tooth flanks G and P, that is, the directions pointed along the extremal
diameters d™" and d* of the indicatrix of conformity Cnfz(G/®), can be found
from the equation of the indicatrix of conformity Cnfg(G/P). For the reader’s
convenience, the equation of this characteristic curve is transformed and is
represented in the form:

Fent (@ 1) = \/|r1,g 08 2 + 1 sin 2| sgn CI)z‘_gl

(C.54)
+ \/\rl.p cos2(¢+p) + rop sin* (¢ +p)| sgn @,

Two directions within the common tangent plane are specified by the angles @y,
and @.«x. These directions feature an extremum degree of conformity of the pinion
tooth flank 2 to the gear tooth flank G. Actually, the angles are the roots of the
equation:

0
%rcnf((p’ ,u) =0. (CSS)

It can be easily proved that in the general case of contact of two smooth regular
tooth flanks, G and 2, the difference between the angles @i, and @,.x is not equal to
0.57. This means that the equality

@ min — Pmax = £0.57n (C.56)

is not always observed, and, in most cases, the relationship:
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@ min — @ max ;t +0.57zn (C57)

is valid (here, n is an integer). The condition (see Eq. (C.56)): @min = @max £ 0.57n is
fulfilled only in cases in which the angle u of the local relative orientation of the
contacting surfaces G and P is ¢ = + 0.57n, and, thus, the principal directions t;_ ,
and t, , of the gear tooth flank G and the principal directions t; , and t, , of the
mating pinion tooth flank 2 are either aligned with each other or are oppositely
directed.

This enables one to making the following statement:

Statement C.1 In the general case of contact of two smooth regular tooth flanks, the
directions along which the degree of conformity of the tooth flanks G and P is
extremal are not orthogonal to one another.

This statement is important for engineering applications.

The solution to equation Or.(¢)/0¢p = 0 returns two extremal angles @i, and
@Pmax = Pmin + 90° (here, r.(¢) denotes the position vector of a point of the Dupin
indicatrix at a point on the surface of relative curvature). Equation (C.55) allows for
two solutions, @7, and ¢% .. . Therefore, the extremal difference:

Aqomin =@ min — (ptnin (CSS)
as well as the extremal difference:

A(pmax =P max — (ptnax (C59)

can be easily calculated.

Generally speaking, neither the extremal difference A, nor the extremal
difference A@nax is equal to zero. They are equal to zero only in particular cases,
e.g., when the angle y of the local relative orientation of the surfaces G and 2 fulfills
the relationship 4 = =+ 0.57zn.

Let us consider an example that illustrates Statement C.1.

Example As an illustrative example, let us analytically describe the contact geom-
etry of two convex parabolic patches of the contacting tooth flanks G and P (see
Fig. C.12). The example pertains to finish cutting a helical involute gear by a
disk-type shaving cutter. In the example under consideration, the design parameters
of the gear and of the shaving cutter, along with the specified corresponding
configurations, yield the following numerical data for the calculation: At the point
K of the tooth flanks’ contact, the principal curvatures of the gear tooth flank G are
ki = 4mm " and ks, ¢ = 0. The principal curvatures of the mating pinion tooth
flank Pare k; , =1 mm ' and k. , = 0. The angle y of the local relative orientation
of the tooth flanks G and 2 is u = 45°.

Two approaches can be implemented for the analytical description of the contact
geometry of the tooth flanks G and 2. The first one is based on the implementation of
the Dupin indicatrix of the surface of relative curvature. The second one is based on
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Fig. C.12 Example: determination of the optimum instantaneous kinematics in a gear shaving
operation

the application of the indicatrix of conformity Cnfg(G/®P) constructed at the contact
point K of the interacting tooth flanks G and P.

The first approach In the case under consideration, the normal curvature kg of the
surface of relative curvature R can be analytically expressed as:

kg = k1.4 cos*p — ki, cos (¢ + p) (C.60)
Therefore, the following equality:

aa—];f = — 2k gsingcos @+ 2k, sin (@ +p) cos (p+pu) =0 (C.61)

is valid for the directions of the extremum degree of conformity of the tooth flanks
G and P at every point of their contact.

For the directions of the extremal degree of conformity at the point of contact of
the gear tooth flank G and the mating pinion tooth flank @, Eq. (C.61) yields extremal
values @nin = 7° and @nax = @min + 90 © = 97° of the angles @i, and @nax,
respectively.

The direction that is specified by the angle ¢,,,;, = 7° indicates the direction of the
minimal diameter of the Dupin indicatrix of the surface of relative curvature. This
same direction corresponds to the maximal degree of conformity at the point of
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contact of the tooth flanks G and P. Another direction that is specified by the angle
Pmax = 97° indicates the direction of the minimum degree of conformity of the
contacting tooth flanks G and P at the same contact point.

The second approach For the case under consideration, use of Eq. (C.49) of the
indicatrix of conformity Cnfg(G/®) at a point of contact of the gear tooth flank G
and the mating pinion tooth flank ? makes calculation of the extremal angles
@rin = 19° and @7, = 118° possible.

Imaginary branches of the indicatrix of conformity Cnfg(G/®) at the point of
contact of the tooth flanks G and 2 in Fig. C.12 are depicted by a dashed line.

It is important to focus the readers’ attention here on two issues.

First, the extremal angles @, and @.,.x, which are calculated using the first
approach, are not equal to the corresponding extremal angles ¢7 . and ¢7 ., which
are calculated using the second approach. The relationships ¢ .., # @5, and
@ max 7 Prax are generally observed.

Second, the difference Ag™ between the extremal angles ¢*,. and ¢* . is not
equal to half of z. Therefore, the relationship @7, — @5, F 90° between the
extremal angles @7, and @7, is observed. In the general case of contact of two
sculptured surfaces, the directions of the extremal degree of conformity of the gear
tooth flank G and the mating pinion tooth flank 2 are not orthogonal to one another.

The discussed example reveals that in general cases of contact of two smooth
regular tooth flanks, the indicatrix of conformity Cnfg(G/®) can be implemented for
the purpose of an accurate analytical description of the contact geometry of the
surfaces. The Dupin indicatrix of the surface of relative curvature can be
implemented for this purpose only in the relative orientation of particular cases of
the surfaces G and ©P. Application of the Dupin indicatrix of the surface of relative
curvature enables only an approximate analytical description of the geometry of
contact of the surfaces. The Dupin indicatrix of the surface of relative curvature
could be equivalent to the indicatrix of conformity only in degenerate cases of
contact of the surfaces. Advantages of the indicatrix of conformity over the Dupin
indicatrix of the surface of relative curvature are because this characteristic curve
Cnfg(G/P) is a curve of the fourth order.

C.3.4 Important Properties of the Indicatrix of Conformity Cnfz(G/?)
at a Point of Contact of the Tooth Flanks of a Gear and a Mating
Pinion

The performed analysis of Eq. (C.49) of the indicatrix of conformity Cnfg(G/®P) at a
point of contact of a gear tooth flank and a mating pinion tooth flank reveals that this
characteristic curve possesses the following important properties.

1. The indicatrix of conformity Cnfg(G/®) at a point of contact of the tooth flanks G
and P is a planar characteristic curve of the fourth order. It possesses the property
of central symmetry and, in particular cases, also the property of mirror
symmetry.
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2. The indicatrix of conformity Cnfg(G/®) is closely related to the second funda-
mental forms ®, ., and ®, , of the surfaces G and @, respectively. This
characteristic curve is invariant with respect to the kind of parameterization of
the tooth flanks G and P but not its equation. A change in the parameterization of
the surfaces G and P leads to a change in the equation of the indicatrix of
conformity Cnfg(G/®), whereas the shape and parameters of this characteristic
curve remain unchanged.

3. The characteristic curve Cnfg(G/®) is independent of the actual value of the
coordinate angle w, that forms the coordinate lines U, and V, on the gear tooth
flank G. It is also independent of the actual value of the coordinate angle w,, that
forms the coordinate lines U, and V, on the mating pinion tooth flank .
However, the parameters of the indicatrix of conformity Cnfg(G/®?) depend
upon the angle y of the local relative orientation of the tooth flanks G and P.
Therefore, for a given pair of the tooth flanks G and P, the degree of conformity of
the surface varies correspondingly to the variation of the angle u, whereas the
pinion tooth flank 2 spins around the unit vector of the common perpendicular.

More properties of the indicatrix of conformity Cnfg(G/®) at a point of contact
of a gear tooth flank, G, and a mating pinion tooth flank, 2, can be outlined.

C.3.5 Converse Indicatrix of Conformity at a Point of Contact
of the Tooth Flanks of a Gear and a Mating Pinion

For the Dupin indicatrix Dup(G/®) at a point on the surface of relative curvature
R there exists a corresponding inverse Dupin indicatrix, Dup,(G/®). Similarly, for
the indicatrix of conformity Cnfg(G/P), at a point of contact of the tooth flanks G
and P, there exists a corresponding converse indicatrix of conformity Cnfy(G/®).
This characteristic curve can be directly expressed in terms of the normal curvatures
kg and k,, of the surfaces G and P, respectively:

ke(g)| - sgn @y —/Iky (@, )| - sgn @)

(C.62)

Cofi(G/P) = raile. )=

For derivation of an equation of the converse indicatrix of conformity
Cnf,(G/P), Euler’s formula for a surface normal curvature is used in the following
representation:

ko(¢) =k 4 cos zq)—i—kz‘g sin ¢ (C.63)

k(. 1) = k1p cos* (¢ + ) + ko p sin (¢ + ) (C.64)
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Here, in Eqs. (C.63) and (C.64), the principal curvatures of the gear tooth flank G
are designated as k;_, and k>_,, whereas k;_,, and k,_, are the principal curvatures of
the mating pinion tooth flank 2.

After substituting Egs. (C.63) and (C.64) in Eq. (C.62), one can come up with the
equation:

rnt (@5 p) = \/ [ki g cos 2 + ko, sin | sgn @,
— /Kty cos2(p+p0) + ko sin (¢ + ) sgn @)

(C.65)

for the converse indicatrix of conformity Cnf(G/®) at a point of contact of the tooth
flanks G and P in the first order of tangency.

Here, in Eq. (C.65), the principal curvatures k; , k> . and k; ,, k» ,, can be
expressed in terms of the corresponding fundamental magnitudes E,, F,, and G, of
the first and L,, M,, and N, of the second orders of the gear tooth flank G and in terms
of the corresponding fundamental magnitudes E,, F,, and G, of the first and L, M,,,
and N, of the second orders of the mating pinion tooth flank #. In this manner,
Eq. (C.65) of the converse indicatrix of conformity Cnf;(G/®?) can be cast into a
form that is similar to Eq. (C.49) of the ordinary indicatrix of conformity Cnfg(G/®)
at a point of contact of the tooth flanks G and .

It can be shown that similar to the indicatrix of conformity Cnfg(G/®P), the
characteristic curve Cnfy(G/P) also possess the property of central symmetry. In
particular cases of surface contact, it also possesses the property of mirror symmetry.
The directions of the extremal degree of conformity of the gear tooth flank G and the
mating pinion tooth flank P are orthogonal to one another only in degenerate cases of
surface contact.

Equation (C.65) of the converse indicatrix of conformity Cnfy(G/®) is conve-
nient for implementation when:

(a) The gear tooth flank G
(b) The mating pinion tooth flank 2
(c) Both of them

feature point(s) or line(s) of inflection. In the point(s) or (line(s)) of inflection, the
radii of normal curvature Ry, of the surfaces G and ©? are equal to infinity. Points/
lines of inflection cause indefiniteness when calculating the position vector r.,d@, )
of a point of the characteristic curve Cnfg(G/P). Equation (C.65) of the converse
indicatrix of conformity Cnfy(G/®P) is free of the disadvantages of such kind and is
therefore recommended for practical applications.
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Appendix D: Applied Coordinate Systems and Linear
Transformations

Consequent coordinate system transformations can be easily described analytically
with implementation of matrices. The use of matrices for coordinate system trans-
formation® can be traced back to the mid-1940s>* when Dr. S.S. Mozhayev> began
describing coordinate system transformations by means of matrices.

Below, coordinate system transformation is briefly discussed from the standpoint
of its implementation in the theory of gearing.

D.1 Coordinate System Transformation

Homogeneous coordinates utilize a mathematical trick to embed three-dimensional
coordinates and transformations into a four-dimensional matrix format. As a result,
inversions or combinations of linear transformations are simplified to inversions or
multiplication of the corresponding matrices.

D.1.1 Homogeneous Coordinate Vectors

Instead of representing each point r(x, y, z) in three-dimensional space with a single
three-dimensional vector,

r=|y (D.1)

homogeneous coordinates allow each point r(x, y, z) to be represented by any of an
infinite number of four-dimensional vectors:

23 Matrices were introduced to mathematics by A. Cayley in 1857. They provide a compact and
flexible notation particularly useful in dealing with linear transformations, and they presented an
organized method for the solution of systems of linear differential equations.

24 Application of matrices for the purposes of analytical representation of coordinate system
transformation should be credited to Dr. S.S. Mozhayev (Mozhayev, S.S., General Theory of
Cutting Tools, Doctoral Thesis, Leningrad, Leningrad Polytechnic Institute, 1951, 295 pages).
Dr. S.S. Mozhayev began using matrices for this purpose in the mid-1940s. Later on, the matrix
approach to coordinate system transformation was used by Denavit and Hartenberg as well as by
many other researchers.

258.S. Mozhayev is a soviet scientist mostly known for his accomplishments in the theory of cutting
tool design.
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(D.2)

The three-dimensional vector corresponding to any four-dimensional vector can
be calculated by dividing the first three elements by the fourth element, and a four-
dimensional vector corresponding to any three-dimensional vector can be created by
simply adding a fourth element and setting it equal to one.

D.1.2 Homogeneous Coordinate Transformation Matrices
of the Dimension 4 x 4

Homogeneous coordinate transformation matrices operate on four-dimensional
homogeneous vector representations of traditional three-dimensional coordinate
locations. Any three-dimensional linear transformation (translation, rotation, and
so forth) can be represented by a 4 X 4 homogeneous coordinate transformation
matrix. In fact, because of the redundant representation of a three-dimensional space
in a homogeneous coordinate system, an infinite number of different 4 %< 4 homo-
geneous coordinate transformation matrices are available to perform any given linear
transformation. This redundancy can be eliminated to provide a unique representa-
tion by dividing all elements of a 4 x 4 homogeneous transformation matrix by the
last element (which will become equal to one). This means that a 4 x 4 homogeneous
transformation matrix can incorporate as many as 15 independent parameters. The
generic format representation of a homogeneous transformation equation for map-
ping the three-dimensional coordinate (x, yy,z;) to the three-dimensional coordinate

(X2, 2, 22) 18t

T - x; T -a T"-b T"-c T"-d T x;
T - T e T*- T - T -h T-
Ya|_ ‘ f 8 T > (D.3)
T - 25 T-i T'-j Tk T"-m T- -2
T* T"n T"-p T"-q T T

If any two matrices or vectors of this equation are known, then the third matrix
(or vector) can be calculated, and, then, the redundant 7 element in the solution can
be eliminated by dividing all elements of the matrix by the last element.

Various transformation models can be used to constrain the form of the matrix to
transformations with fewer degrees of freedom.
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Fig. D.1 Analytical description of the operators of translations Tr(a,, X), Tr(a,, Y), and Tr(a,, Z)
along the coordinate axes of a Cartesian reference system XYZ

D.1.3 Translations

The translation of a coordinate system is one of the major linear transformations used
in the theory of part surface generation. Translations of the coordinate system X,Y>Z,
along the axes of the coordinate system X, Y,Z; are depicted in Fig. D.1. Translations
can be analytically described by the homogeneous transformation matrix of dimen-
sion 4 x 4.

For an analytical description of translation along the coordinate axes, the opera-
tors of translation Tr(a,, X), Tr(a,, Y), and Tr(a,, Z) are used. These operators yield
a matrix representation in the form:

1 0 0 a
010 0
T )hX: D4
MaeX)=15 o 1 o (D4)
0 0 0 1]
1 0 0 07
010 a
Tr(ay, Y) = 0 0 1 (; (D.5)
00 0 1]
10 0 0
010 0
Tr(a., Z) = D.6
r(a;, Z) 00 1 a (D.6)
00 0 1

Here, in Egs. (D.4) through (D.6), the parameters a,, a,, and a, are assigned
values that denote the distance of the translation along the corresponding axis.
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Let us consider two coordinate systems, X,Y,Z; and X,Y,Z,, displaced along the
X,— axis at a distance a, as schematically depicted in Fig. D.la. A point m in the
reference system X,Y,Z, is given by the position vector r(m). In the coordinate
system X;Y;Z;, the same point m can be specified by the position vector r;(m). Then,
the position vector ry(m) can be expressed in terms of the position vector r,(m) by
the equation:

r1(m) = Tr(ay, X) - r2(m) (D.7)

Equations similar to Eq. (D.7) are valid for the operators Tr(a,, Y) and Tr(a., Z)
of the coordinate system transformation. The latter is schematically illustrated in
Fig. D.1b and c.

Use of the operators of translation Tr(a,, X), Tr(a,, Y), and Tr(a., Z) makes an
introduction of the operator Tr(a, A) of a combined transformation possible. Sup-
pose that the point p on a rigid body goes through a translation describing a straight
line from a point p; to a point p, with a change of coordinates (a,, a,, a,). This motion
of the point p can be analytically described with a resultant translation operator
Tr(a, A):

1 0 0 a
01 0 a

Tr(a, A) = 001 a-‘ (D.8)
00 0 1

The operator Tr(a, A) of the resultant coordinate system transformation can be
interpreted as the operator of translation along an arbitrary axis having the vector
A as the direct vector.

An analytical description of the translation of the coordinate system X;Y,Z; in the
direction of an arbitrary vector A to the position of X,Y,Z, can be obtained from
Fig. D.2. The operator of translation Tr(a, A) of that particular kind can be expressed
in terms of the operators Tr(a,,X), Tr(a,,Y), and Tr(a,Z) of elementary
translations:

Tr(a, A) =Tr(a., Z) - Tr(ay, Y) - Tr(a,, X) (D.9)

Evidently, the axis along the vector A is always the axis through the origins of
both the reference systems X;Y,Z; and X,Y,2,.

Any and all coordinate system transformations that do not change the orientation
of a geometrical object are referred to as “orientation-preserving transformation” or
“direct transformation.” Therefore, transformation of translation is an example of a
direct transformation.
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7 Axis of translation
1

Fig. D.2 Analytical description of an operator, Tr(a, A), of translation along an arbitrary axis
(vector A is the direct vector of the axis)

D.1.4 Rotation About a Coordinate Axis

Rotation of a coordinate system about a coordinate axis is another major linear
transformation used in the theory of part surface generation. A rotation is specified
by an axis of rotation and the angle of the rotation. It is a fairly simple trigonometric
calculation to obtain a transformation matrix for a rotation about one of the
coordinate axes.

Possible rotations of the coordinate system X,Y,Z, about the axis of the coordi-
nate system X,Y,Z, are illustrated in Fig. D.3.

For an analytical description of rotation about a coordinate axis, the operators of
rotation Rt(p,, X1), Rt(p,, Y1), and Rt(¢p,, Z,) are used. These operators of linear
transformations yield representation in the form of homogeneous matrices:

0 0

cos sin
Rt(p,, X)) = & O (D.10)

—sing, cos¢@,
0 0

S O O =
- o o O
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Fig. D.3 Analytical description of the operators of rotation Rt(¢,,X), Rt(p,,Y), and Rt(p,, Z)
about a coordinate axis of a reference system X;Y,Z;

cosp, 0 sing, 07
0 1 0 0
Rt(p,. Y1)=| (D.11)
Y —sing, 0 cosg, 0
) 0 0 1]
cosg, sing, 0 O]
—sing, cosp, 0 O
Rt(¢.. Z)) = 0 ¢ o (D.12)
L O 0 0 1]

Here, ., @,, and @, are assigned values that denote the corresponding angles
of rotations about a corresponding coordinate axis: ¢, is the angle of rotation
around the X;— axis (pitch) of the Cartesian coordinate system X,Y,Z;; ¢, is the
angle of rotation around the Y;— axis (roll); and ¢, is the angle of rotation around the
Z,— axis (yaw) of the same Cartesian reference system X;Y,Z;.

The rotation about a coordinate axis is illustrated in Fig. D.3.

Let us consider two coordinate systems X,Y,Z; and X,Y,Z,, which are turned
about the X;— axis through an angle ¢,, as shown in Fig. D.3a. In the reference
system X,Y,Z,, a point m is given by a position vector r,(m). In the coordinate
system X, Y,Z;, the same point m can be specified by the position vector r;(m). Then,
the position vector r(m) can be expressed in terms of the position vector r,(m) by
the equation:

ri(m) = Rt(p,, X) - 12(m) (D.13)
Equations similar to Eq. (D.13) are also valid for other operators Rt(¢,, Y) and

Rt(¢,,Z) of the coordinate system transformation. These elementary coordinate
system transformations are schematically illustrated in Fig. D.3b and c, respectively.
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D.1.5 Rotation About an Arbitrary Axis Through the Origin

When a rotation is to be performed around an arbitrary vector based at the origin, the
transformation matrix must be assembled from a combination of rotations about the
Cartesian coordinates.

Two different approaches for an analytical description of a rotation about an
arbitrary axis through the origin are discussed below.

Conventional Approach

An analytical description of rotation of the coordinate system X;Y;Z; about an
arbitrary axis through the origin to the position of a reference system X,Y,Z, is
illustrated in Fig. D.4. It is assumed here that the rotation is performed about the axis
having a vector A, as the direction vector. The operator Rt(gp4, Ag) of a rotation
of this kind can be expressed in terms of the operators Rt(p,, X), Rt(¢p,, ¥), and
Rt(¢., Z) of elementary rotations:

Rt(p4, Ag) = Rt(q)z, Z) . Rt(goy, Y) -Rt(gp,, X) (D.14)

Evidently, the axis of rotation (a straight line along the vector Ag) is always an
axis through the origin.

The operators of translation and of rotation also yield linear transformations of
other kinds as well.

Zy
4 1’ Axis of rotation
0. < k &\/,/ Axis of rotation R/./
;Rt N N k P
Rt(g.,2) l\ @1 A0) Ay 7 P4 >N
R / P2 P
A X
Rt((py,Y) ¥
1
|l —

Rt(p,, X)

Fig. D.4 Analytical description of the operator Rt(p4, A) of rotation about an arbitrary axis
through the origin of a Cartesian coordinate system X;Y;Z; (the vector A is the directing vector
of the axis of rotation)
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Fig. D.5 Euler angles
Eulerian Transformation

“Eulerian transformation” is a well-known kind of linear transformation used exten-
sively in mechanical engineering. This kind of linear transformation is analytically
described by the operator Eu(y, 0, ¢) of Eulerian?® transformation.

The operator Eu(y, 6, ¢) is expressed in terms of three Euler angles (or Eulerian
angles), namely, y, 6, and @. The configuration of an orthogonal Cartesian coordi-
nate system X;Y;Z, in relation to another orthogonal Cartesian coordinate system
X,Y,7Z, is defined by the Euler angles v, 0, and ¢. These angles are shown in
Fig. D.5.

The line of intersection of the coordinate plane XY, of the first reference system
by the coordinate plane X,Y, of the second reference system is commonly referred to
as the “line of nodes.” In Fig. D.5, the line OK is the line of nodes. It is assumed here
and below that the line of nodes OK and the axes Z; and Z, form a frame of the same
orientation as do the reference systems X;Y,Z; and X,Y,Z,.

The Euler angle ¢ is referred to as the “angle of pure rotation.” This angle is
measured between the X; — axis and the line of nodes OK. The angle of pure rotation
@ is measured within the coordinate plane X;Y; in the direction of the shortest
rotation from the axis X; to the axis Y.

261 eonhard Euler (April 15, 1707-September 18, 1783), a famous Swiss mathematician and
physicist who spent most of his life in Russia and Germany.
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The Euler angle 4 is referred to as the “angle of nutation.” The angle of nutation 6
is measured between the axes Z; and Z,. The actual value of this angle never exceeds
180°.

The Euler angle y is referred to as the “angle of precession.” The angle of
precession y is measured in the coordinate plane X,Y,. This angle lies between the
line of nodes OK and the X,— axis. The direction of the shortest rotation from the
axis X, to the axis Y, is the direction in which the angle of precession is measured.

In case the angle of nutation is either & = 0° or = 180°, then the Euler angles are
not defined.

The operator Eu(y, 0, ¢) of Eulerian transformation allows for the following
matrix representation:

— siny cos@sing + cosycose cosycosfsing+ sinycose  sinfsing

Eu(y, 6, ¢) = P ) X .
sin @'sin ¢ — cosy cos @ cosf
0 0 0

(D.15)

0
— siny cos@cosp — cosysing cosycosfcosp — sinycose sinfcosg 0
0
1

Here, it is important to stress the difference between the operator Eu(y, 6, ¢) of
Eulerian transformation the operator Rt(y 4, Ap) of rotation about an arbitrary axis
through the origin.

The operator Rt(y 4, A) of rotation about an arbitrary axis through the origin
can result in the same final orientation of the coordinate system X,Y,Z, in relation
to the coordinate system X;Y;Z; as does the operator Eu(y, 8, ) of Eulerian
transformation. However, the operators of the linear transformations Rt(y 4, Ag)
and Eu(y, 0, ¢) are of a completely different nature. They can result in identical
coordinate system transformation, but they are not equal to one another.

D.1.6 Rotation About an Arbitrary Axis Not Through the Origin

The transformation corresponding to the rotation of an angle ¢ around an arbitrary
vector not through the origin cannot be readily written in a form similar to the
rotation matrices about the coordinate axes.

The desired transformation matrix is obtained by combining a sequence of
elementary translation and rotation matrices (once a single 4 x 4 matrix has been
obtained, representing the composite transformations, it can be used in the same way
as any other transformation matrix).

Rotation of the coordinate system X;Y;Z; to a configuration, which the coordinate
system X,Y»Z, possesses, can be performed about a corresponding axis that features
an arbitrary configuration in space (see Fig. D.6). The vector A is the direction vector
of the axis of the rotation. The axis of the rotation is not a line through the origin.
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Fig. D.6 Analytical description of the operator Rt(¢4, A) of rotation about an arbitrary axis not
through the origin (vector A is the direct vector of the axis of the rotation)

The operator of linear transformation of this particular kind Rt(y 4, A) can be
expressed in terms of the operator Tr(a, A) of translation along and of the operator
Rt(w 4, Ap) of rotation about an arbitrary axis through the origin:

Rt(p,, A) =Tr(—b, B*) - Rt(p4, Ag) - Tr(b, B) (D.16)

Here, in Eq. (D.16),

Tr(b, B) is the operator of translation along the shortest distance of approach of the
axis of rotation and origin of the coordinate system.

Tr(—b,B") is the operator of translation in the direction opposite to the translation
Tr(b, B) after the rotation Rt(y 4, A) is completed.

In order to determine the shortest distance of approach B of the axis of rotation
(that is, the axis along the directing vector B) and the origin of the coordinate system,
let us consider the axis (B) through two given points rp; and rp.

The shortest distance between a certain point ry and the straight line through the
points rg; and rg, can be calculated from the following formula:
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[(r2 —11) * (11 — 1) |

B=
ry — 1]

(D.17)

For the origin of the coordinate system, the equality ro = O is observed. Then,
B:|I'1|' Siné[l'],(l'zfl'])] (D18)

A matrix representation of the operators of translation Tr(a,, X), Tr(a,, Y), Tr(a.,
Z) along the coordinate axes, together with the operators of rotation Rt(¢,,X),
Rt(p,, Y), Rt(¢p., Z) about the coordinate axes, is convenient for implementation of
the theory of part surface generation. Moreover, use of the operators is the simplest
possible way to analytically describe the linear transformations.

D.1.7 Resultant Coordinate System Transformation

The operators of translation Tr(a,, X), Tr(a,, Y), and Tr(a., Z) together with the
operators of rotation Rt(¢,, X), Rt(p,, Y), and Rt(¢,, Z), respectively, are used for
the purpose of composing the operator Rs(1 + 2) of the resultant coordinate
system transformation. The transition from the initial Cartesian reference system
X1Y1Z, to other Cartesian reference system X,Y,Z, is analytically described by the
operator Rs (1 +— 2) of the resultant coordinate system transformation.

For example, the expression:

Rs(1—5)=Tr(ay, X) - Rt(¢., Z) - Rt(p,, X) - Tr(ay, Y) (D.19)

indicates that the transition from the coordinate system X;Y,Z; to the coordinate
system X5Y5Zs is executed in the following four steps (see Fig. D.7):

* Translation Tr (a,, Y)

* Rotation Rt (¢,, X)

* Second rotation Rt (¢_, Z)
* Translation Tr (a,, X)

Ultimately, the equality:
ri(m)=Rs(1—5) - rs5(m) (D.20)

is valid.

When the operator Rs (1 — £) of the resultant coordinate system transformation
is specified, the transition in the opposite direction can be performed by means of the
operator Rs (¢ — 1) of the inverse coordinate system transformation. The following
equality can be easily proven:

Rs(t—>1)=Rs '(1—1) (D.21)
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Fig. D.7 An example of the resultant coordinate system transformation analytically expressed by
the operator Rs (1 — 5)

In the above example illustrated in Fig. D.7, the operator Rs (5 — 1) of the
inverse resultant coordinate system transformation can be expressed in terms of the
operator Rs(1 ~ 5) of the direct resultant coordinate system transformation.
Following Eq. (D.21), one can come up with the equation:

Rs(5—1)=Rs '(1—5) (D.22)

It is easy to show that the operator Rs (1 — ) of the resultant coordinate system
transformation allows for representation in the following form:

Rs(l—1)=Tr(a, A) - Eu(y, 6, ¢) (D.23)

The linear transformation Rs (1 — 1) (see Eq. (D.23)) can also be expressed in
terms of rotation about an axis Rt (¢4, A) not through the origin (see Eq. (D.16)).

D.2 Complex Coordinate System Transformation

In particular cases of complex coordinate system transformations that are repeatedly
used in practice, special purpose operators of coordinate system transformation can
be composed of elementary operators of translation and operators of rotation.
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D.2.1 Linear Transformation Describing a Screw Motion About
a Coordinate Axis

Operators for an analytical description of screw motions about an axis of the
Cartesian coordinate system are a particular case of the operators of the resultant
coordinate system transformation.

By definition (see Fig. D.8), the operator Sc(¢,, p,) of a screw motion about the
X— axis of the Cartesian coordinate system XYZ is equal to:

Sex(@y. ) =Rt(e,, X) - Tr (ax, X) (D.24)

After substituting the operator of translation Tr(a,,X) and the operator of
rotation Rt (¢,, X) (see Eq. (D.10)), Eq. (D.24) is cast into the expression:

1 0 0 Py @x
0 cose, sing, 0
Se(@y, py) = D.25
(e p) 0 —sing, cosp, O (D-25)
0 0 0 1

for the calculation of the operator of the screw motion Sc.(¢,, p,) about the X— axis.

The operators of the screw motions Se,(¢,, p,) and Sc.(¢., p.) about the Y— and
Z— axes are correspondingly defined in a manner similar to that in which the
operator of the screw motion Sc(¢,, p,) is defined:

Sey(@,. py) =Rt (g, Y) - Tr (ay, Y) (D.26)

Sc.(¢.. p.) =Rt (¢, Z) - Tr (a,, Z) (D.27)
Fig. D.8 Analytical Ay = Py @y
description of the operator +

of screw motion S¢ (., p.)
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Using Egs. (D.5) and (D.6) together with Egs. (D.11) and (D.12), one can come
up with the expressions:

[cosgp, 0 — sing, 0
0 1 0 Dy @y
Sey (@, py) = | . v (D.28)
sing, 0  cosg, 0
L O 0 0 1
[ cosgp, sing, O 0
—sing, cosg, O 0
Sc. (¢, p,) = 0 ) 0 ) o (D.29)
Z Z
L 0 0 0 1

for the calculation of the operators of the screw motion Sc,(¢,,p,) and Sc.(¢., p.)
about the Y— and Z— axes, respectively.

Screw motions about a coordinate axis as well as screw surfaces are common in
the theory of part surface generation. This makes it practical to use the operators of
the screw motion Sc.(@y, p.), Sey(@y, py) and Sc (., p.) in the theory of part surface
generation.

In case of necessity, an operator of the screw motion about an arbitrary axis either
through the origin of the coordinate system or not through the origin of the
coordinate system can be derived following the method similar to that used for the
derivation of the operators Sc. (¢, p.), Sc,(@y, py), and Sc (., p.).

D.2.2 Linear Transformation Describing the Rolling Motion of a
Coordinate System

One more practical combination of a rotation and a translation is often used in the
theory of part surface generation.

Let us consider a Cartesian coordinate system X;Y,Z; (see Fig. D.9). The
coordinate system X;Y,Z, is traveling in the direction of the X;— axis. The velocity
of the translation is denoted by V. The coordinate system X;Y;Z, is rotating about its
Y, — axis simultaneously with the translation. The speed of the rotation is denoted by
w. Assume that the ratio V/w is constant. Under such a scenario, the resultant motion
of the reference system X;Y;Z; to its arbitrary position X,Y,Z, allows interpretation
in the form of rolling with no sliding of a cylinder of radius R,, over the plane. The
plane is parallel to the coordinate XY, — plane, and it is remote from it at a distance
R,,. For the calculation of the radius of the rolling cylinder, the expression R,, = V/®
can be used.

Because rolling of the cylinder of a radius R,, over the plane is performed with no
sliding, a certain correspondence between the translation and the rotation of the
coordinate system is established. When the coordinate system turns through a certain
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Fig. D.9 Tllustration of the ay =R, -9,
transformation of rolling
Rl(¢p,, Y) of a coordinate
system

——
=

angle ¢,, the translation of the origin of the coordinate system along the X; — axis is
Ay = @ - Rw'

The transition from the coordinate system X;Y;Z; to the coordinate system
X,Y»Z, can be analytically described by the operator of the resultant coordinate
system transformation Rs (1 — 2), as follows:

Rs(1—2) =Rt (g, Y1) - Tr(a, X;) (D.30)

Here, Tr (a,, X;) is the operator of the translation along the X;— axis and Rt (¢,,
Y1) is the operator of the rotation about the Y;— axis.

The operator of the resultant coordinate system transformation of the kind (see
Eq. (D.30)) is referred to as the “operator of rolling motion over a plane.”

When the translation is performed along the X;— axis and the rotation is
performed about the Y;— axis, the operator of rolling is denoted by Rl(¢,, Y). In
this particular case, the equality Rl (¢,,Y) = Rs(1 > 2) (see Eq. (D.30) is valid.
Based on this equality, the operator of rolling over a plane Rl(¢,,Y) can be
calculated from the equation:

cosp, 0 —sing, a,- cosg,
0 1 0 0
Rl (¢, Y)=| . . (D.31)
sinp, 0 cosgp, a,-sing,
0 0 0 1

While rotation remains about the Y;— axis, the translation can be performed not
along the X;— axis but along the Z,— axis instead. For rolling of this kind, the
operator of rolling is:
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cosp, 0 —sing, —a,-sing,
0 1 0 0
Rl (@), ¥) = sin 0 .
?y cos @y, a - cos @,
0 0 0 1

Appendices

(D.32)

For the cases in which the rotation is performed about the X;— axis, the

corresponding operators of rolling are as follows:

1 0 0 0
0 cos sin a, - cos
Rly((px, X) — O i (px (px y . (px
—sing, cosg, —ay-sing,
0 0 0 1

for the case of rolling along the Y;— axis and

0 0 0

cosg, sing, a;-sing,
Rl ,X)=
(e X) —sing, cos¢, a,-cosg,

0 0 1

oS o o =

for the case of rolling along the Z;— axis.

(D.33)

(D.34)

Similar expressions can be derived for the case of rotation about the Z; — axis:

[ cos g, sing, 0 ay-cosg,]
—sing, cosgp, 0 a,-sing
Rlx ((pz’ Z) = 0 0 ) 1 ' O )
L O 0 0 1 J
[ cosg, sing, 0 a,-sing,]
—sing, cosp, 0 a,-cosg,
RhipZ)=1 o7 57 1
L O 0 0 1 ]

(D.35)

(D.36)

Use of the operators of rolling Egs. (D.31) through (D.36) significantly simplifies

the analytical description of the coordinate system transformations.
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D.2.3 Linear Transformation Describing the Rolling
of Two Coordinate Systems

In the theory of part surface generation, combinations of two rotations about parallel
axes are of particular interest.

As an example, let us consider the two Cartesian coordinate systems X;Y,Z; and
X,Y»Z, shown in Fig. D.10. The coordinate systems X,Y,Z; and X,Y»Z, are rotated
about their axes Z; and Z,, respectively. The axes of the rotations are parallel to each
other (Z; || Z»). The rotations w; and w, of the coordinate systems can be interpreted
so that a circle of a certain radius R, that is associated with the coordinates system
X1YZ, is rolling with no sliding over a circle of the corresponding radius R, that is
associated with the coordinate system X,Y>Z,. When the center distance C is known,
the radii R, and R, of the circles (that is, of the centrodes) can be expressed in terms
of the center distance C and of the given rotations @; and w,. For the calculations, the
following formulae:

1

Ri=C iy (D.37)
u

Ry=C-yo (D.38)

can be used. Here, the ratio w,/w, is denoted by u.

In the initial configuration, the X;— and X,— axes align with each other. The Y;—
and Y,— axes are parallel to each other. As shown in Fig. D.10, the initial config-
uration of the coordinate systems X;Y,Z; and X,Y,Z, is labeled as X{Y{Z] and
X3Y5Z3, respectively.

When the coordinate system X;Y;Z, turns through a certain angle ¢, the coor-
dinate system X,Y,Z, turns through the corresponding angle ¢,. When the angle ¢,
is known, the corresponding angle ¢, is @, = @,/u.

Fig. D.10 Derivation of the
operator of rolling Rr, (¢4,
Z,) of two coordinate
systems
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The transition from the coordinate system X,Y,Z, to the coordinate system
X1Y1Z, can be analytically described by the operator of the resultant coordinate
system transformation Rs (1 +— 2). In the case under consideration, the operator
Rs (1 — 2) can be expressed in terms of the operators of the elementary coordinate
system transformations:

Rs(1—2)=Rt(p,. Z)) - Rt(p,/u, Z)) - Tr(— C, X;) (D.39)

Other equivalent combinations of the operators of elementary coordinate system
transformations can result in the same operator Rs (1 ~ 2) of the resultant coordi-
nate system transformation. The interested reader may wish to exercise his or her
own way of deriving the equivalent expressions for the operator Rs (1 — 2).

The operator of the resultant coordinate system transformations of the kind (see
Eq. (D.39)) are referred to as the “operators of rolling motion over a cylinder.”

When rotations are performed around the Z;— and the Z,— axes, the operator of
the rolling motion over a cylinder is designated as Rr, (¢, Z;). In this particular case,
the equality Rr,(¢,Z;) = Rs(l — 2) (see Eq. (D.39)) is valid. Based on this
equality, the operator of rolling Rr,(¢;,Z;) over a cylinder can be calculated from
the equation:

cos(gol-u;:1> sin(¢1~u+1) 0 -cC

u
. u+1 u+1
Rr,(p,, Z;)= | — sin (‘”1'T> cos ((pl' ” ) 0 0 (D.40)
0 0 1
0 0 0 1

For the inverse transformation, the inverse operator of rolling of two coordinate
systems Rr, (¢, Z,) can be used. It is Rr,(¢,, Z,) :Rru’l(gal, Z,). In terms of
the operators of the elementary coordinate system transformations, the operator
Rr, (@2, Z,) can be expressed as follows:

Rry(;, Z2) =Rt(g, /u, Z2) - Rt (@, Z>) - Tr (C, X,) (D41)

Other equivalent combinations of the operators of elementary coordinate system
transformations can result in the same operator Rr,(¢,,7Z,) of the resultant
coordinate system transformation. The interested reader may wish to exercise his
or her own way of deriving the equivalent expressions for the operator Rr (9>, Z5).

For the calculation of the operator of rolling of two coordinate systems
Rr, (9., Z,), the equation:
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cos(¢1-u+1) —sin(qol-u+1> 0 C

u u
. u+ +1
Rr,(9;. Z5) = Sm(fm- u) COS(%- ” ) 0 (D.42)
0 0 10
0 0 0 1

can be used.

Similar to that, the expression (see Eq. (D.40)) is derived for the calculation of the
operator of rolling Rr, (¢, Z,) around the Z,— and Z,— axes, and the corresponding
formulae can be derived for the calculation of the operators of rolling Rr, (¢, X;)
and Rr, (¢, Y;) about the parallel axes X; and X, as well as about the parallel axes
Yl and Yz.

Use of the operators of rolling about two axes Rr, (¢, X)), Rr,(¢,,Y;), and
Rr, (¢, Z;) substantially simplifies the analytical description of the coordinate
system transformations.

D.2.4 Coupled Linear Transformation

It can be observed here that a translation, Tr (a,, X), along the X— axis of a Cartesian
reference system XYZ and a rotation Rt(¢,,X) about the X-axis of the same
coordinate system XYZ obey the commutative law, that is, these two coordinate
system transformations can be performed in different order equally. It makes no
difference whether the translation Tr (a,, X) is initially performed, which is followed
by the rotation Rt (¢,, X), or whether the rotation Rt (¢,, X) is initially performed,
which is followed by the translation Tr (a,, X). This is because the dot products
Rt(¢,, X) - Tr(a., X) and Tr (a,, X) - Rt (¢,, X) are identical to one another:

Rt (¢, X) - Tr(ay, X) = Tr(ay, X) - Rt(¢,, X) (D.43)

This means that the translation from the coordinate system X;Y,Z; to the inter-
mediate coordinate system X"Y*Z* followed by the rotation from the coordinate
system X*Y*Z" to the final coordinate system X,Y,Z, produces the same reference
X,Y>7, as in a case in which the rotation from the coordinate system X,Y,Z; to the
intermediate coordinate system X Y*Z" followed by the translation from the coordi-
nate system X*Y*Z" to the final coordinate system X,Y,Z,.

The validity of Eq. (D.43) is illustrated in Fig. D.11. The translation Tr (a,, X)
that is followed by the rotation Rt (¢,, X), as shown in Fig. D.11a, is equivalent to
the rotation Rt(¢,,X) that is followed by the translation Tr (a,,X) as shown in
Fig. D.11b.

Therefore, the two linear transformations Tr (a,, X) and Rt (¢,, X) can be coupled
into a linear transformation:
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Fig. D.11 Equivalency of the linear transformations Rt (¢,, X) - Tr (a,, X) and Tr (a,, X) - Rt (¢,,
X) that comprise the operator Cp, (a,, ¢,) of a coupled linear transformation of a Cartesian reference
system XYZ

Cp, (ax, 9,) =Rt(¢,, X) - Tr(a,, X) = Tr (a,, X) - Rt(¢,, X) (D.44)

The operator of linear transformation Cp, (a,, ¢,) can be expressed in a matrix
form (see Fig. D.12a) as follows:

0 0 ay

cosp, sing, O
Cp, (ay, ¢,) = ) D.45
P (ax, ¢,) sing, cosg, 0 (D.45)

0 0 1

S o o =

This expression is composed based on Eq. (D.4) for the linear transformation
Tr (a,, X) and on Eq. (D.10) for the linear transformation Rt (¢,, X).

Two reduced cases of the operator of the linear transformation Cp, (a,, ¢,) are
distinguished.

First, it could happen that in a particular case, the component a, of the translation
is zero, that is a, = 0. Under such a scenario, the operator of linear transformation
Cp.(a,, ¢, reduces to the operator of rotation Rt(¢p,,X), and the equality
Cp, (a,, ¢,) = Rt(¢,, X) is observed in the case under consideration.

Second, it could happen that in a particular case, the component ¢, of the rotation
is zero, that is ¢, = 0°. Under such a scenario, the operator of linear transformation
Cp, (a,, ¢,) reduces to the operator of translation Tr (a,,X), and the equality
Cp. (a,, ¢,) = Tr(a,, X) is observed in the case under consideration.

The is valid with respect to the translations and the rotations along and about the
axes Y and Z of a Cartesian reference system XYZ. The corresponding coupled
operators Cp, (ay, ,) and Cp, (a, ¢,) for linear transformations of these kinds can
also be composed (see Fig. D.12b and c):
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Z
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Fig. D.12 Equivalency of linear transformations Rt (¢,, X) - Tr (a,, X) and Tr (a,, X) - Rt(¢,, X),
which comprise the operator Cp, (a,, ®,) of the coupled linear transformation of a Cartesian
reference system XYZ

cosp, 0 sing, 0
0 I 0 a
Cp. (0. o) — Y D.46
Py (ay. ¢y) —sing, 0 cosp, 0 (D40
cos @, sing, 00
—sing. cosp. 0 O
Cp. (a, ¢.) = 0 Z 0 Z 1 a (D47
Z
L 0 0 0 1

In the operators of linear transformations Cpy(a,,@.), Cp,(ay, @,), and
Cp, (a., ¢,), the values of the translations a,, a,, and a., as well as the values of
the rotations ¢,, ¢,, and ¢,, are finite values (and not continuous). The linear and
angular displacements do not correlate with one another in time; thus, they do not
comprise a screw. They are just a kind of translation along and a rotation about a
coordinate axis of a Cartesian reference system.

Introduction of the operators of linear transformation Cp, (a,, @), Cp, (ay, @),
and Cp, (a,, ¢.) makes the linear transformations easier as all the operators of the
linear transformations become uniform.

The operators of linear transformation Cpy, (a,, ¢,), Cp, (a,, ¢,), and Cp, (a,, ¢,)
do not obey the commutative law. This is because rotation is not a vector by nature.
Therefore, special care should be taken when treating rotations as vectors — when
implementing coupled operators of linear transformations in particular.

The operators of coupled linear transformations Cp, (a., ¢,), Cp,(ay, ¢,), and
Cp. (a,, @.), (see Eqs. (D.45) through (D.47)) can be used for the purpose of an
analytical description of a resultant coordinate system transformation. Under such
the scenario, the operator Rs (1 — ¢) of a resultant coordinate system transformation
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can be expressed in terms of all the operators Cpy(ay, @), Cpy(ay,@,), and
Cp, (a,, @,) by the following expression:

t—1

s(on =[] cpi(a ) (D.48)

i=1
J=X).2

In Eq. (D.48), only operators of coupled linear transformations are used.

D.2.5 An Example of Non-orthogonal Linear Transformation

Let us consider a non-orthogonal reference system X;Y,Z; having a certain angle @,
between the axes X; and Y;. The axis Z; is perpendicular to the coordinate plane
X1Y;. Another reference system X,Y,Z, is identical to the first coordinate system
X,Y,Z, and is turned about the Z;— axis through a certain angle ¢. The transition
from the reference system X, Y,Z, to the reference system X,Y,Z, can be analytically
described by the operator of linear transformation:

sin (o) + @) sin 0 0
sin @ sin @
Rt, (1 —2)= sing - sin(01 =), (D.49)
« sin w sin )
0 0 1 0
0 0 0 1

In order to distinguish the operator of rotation in the orthogonal linear transfor-
mation Rt (1 — 2) from the similar operator of rotation in a non-orthogonal linear
transformation Rt,(1 — 2), the subscript “@  is assigned to the latter.

When o = 90°, Eq. (D.49) is cast into Eq. (D.12).

D.2.6 Conversion of a Coordinate System Hand

Application of the matrix method of coordinate system transformation presumes that
both the reference systems “i” and “(i + 1) ” are of the same hand. This means that it
is assumed from the very beginning that both of them are either right-hand- or left-
hand-oriented Cartesian coordinate systems. In the event the coordinate systems
i and (i + 1) are of an opposite hand, e.g., one of them is a right-hand-oriented
coordinate system, whereas the other is a left-hand-oriented coordinate system, then
one of the coordinate systems must be converted into the oppositely oriented
Cartesian coordinate system.
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For the conversion of a left-hand-oriented Cartesian coordinate system into a
right-hand-oriented coordinate system, or vice versa, the operators of reflection are
commonly used.

In order to change the direction of the X; axis of the initial coordinate system i to
the opposite direction (in this case, in the new coordinate system (i + 1), the
equalities X; . 1 = — X, Y; .1 =Y;, and Z; . | = Z; are observed), the operator of
the reflection Rf(Y;Z;) can be applied. The operator of the reflection yields repre-
sentation in a matrix form:

—1

Rf (Y,Z;) =

0
0
1 (D.50)
0

S O = O
- O O O

0

Similarly, implementation of the operators of reflections Rf,(X;Z;) and Rf,(X;Y;)
changes the directions of the Y; and Z; axes onto opposite directions. The operators of
reflections Rf(X;Z;) and Rf.(X;Y;) can be expressed analytically in the form:

10 0 0]
0 -1 0 0
Rf,(X,Z;) = D.51
YXZ)=1 0 0 o (D.51)
o0 0 0 1]
10 0 0]
01 0 0
RE,(X,Y,) = D.52
XY)=10 0 (D.52)
00 0 1)

A linear transformation that reverses the direction of the coordinate axis is an
“opposite transformation.” Transformation of reflection is an example of an “orien-
tation-reversing transformation.”

D.3 Useful Equations

The sequence of the successive rotations can vary depending on the intention of the
researcher. Several special types of successive rotations are known, including
Eulerian transformation, Cardanian transformation, two kinds of Euler—Krylov
transformations, and so forth. The sequence of the successive rotations can be
chosen from a total of 12 different combinations. Even though the Cardanian
transformation is different from the Eulerian transformation in terms of the combi-
nation of the rotations, they both use a similar approach to calculate the orientation
angles.
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D.3.1 RPY Transformation

A series of rotations can be performed in the order roll matrix (R), by the pitch matrix
(P), and finally by the yaw matrix (Y). The linear transformation of this kind is
commonly referred to as RPY— transformation. The resultant transformation of this
kind can be represented by the homogeneous coordinate transformation matrix:

RPY (.. ¢,. 9,)

COS ¢, €OS @, + sin g, sin g, sin g, COS @y, sin . — sin g, sin ¢, cos ¢, cosgpsing, 0
— cos @, sing, COS ¢, COS @, sing, 0
- sin @, cos ¢, sin g, — sin@, cos g, — sin @, cos g, cos @, — cos @, sing, cosp,cos@, 0
0 0 0 1
(D.53)

RPY — transformation can be used to solve problems in the field of part surface
generation.

D.3.2 Operator of Rotation About an Axis in Space

A spatial rotation operator for the rotational transformation of a point about a unit
axis agp(cosa, cosf, cosy) passing through the origin of the coordinate system can be
described as follows, with ag = Ay/IAgl designating the unit vector along the axis of
rotation A.

Suppose that the angle of rotation of the point about a is 6, then the “rotation
operator” is expressed by:

(1 cos8)cos?a+ cosd (1 — cos@) cosacos f— sinfcosy
RE(6, ay) (1 — cos@)cosacos ff+ sinfcosy (1 — cos @) cos?B+ cos 6
R (1 — cosB)cosacosy — sinfcosf (1 — cosf)cospfcosy+ sinfcosa

0 0
(I — cos@)cosacosy+ sinfcosf

(1 — cos®)cos?y+ cos

0
(1 — cosf)cospcosy— sinfcosa 0
0

0 1

Solutions to a problem in the field of part surface generation can be significantly
simplified by implementation of the rotational operator Rt (€, ay) (see Eq. (D.54)).
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D.3.3 Combined Linear Transformation

Suppose a point, p, on a rigid body rotates with an angular displacement, €, about an
axis along a unit vector, a,, passing through the origin of the coordinate system at
first and then followed by a translation at a distance, B, in the direction of a unit
vector, b. The linear transformation of this kind can be analytically described by the
homogeneous matrix

(1 — cos ) cos >a + cos 6 (1 — cos ) cosacosf— sinfcosy
Rt (6u0, By) — (I — cos@)cosacosff+ sinfcosy (1 — cos6)cos?f+ cosd
20T (I — cosB)cosacosy — sinfcosf (1 — cosd)cospfcosy+ sinfcosa
0 0
(1 — cos@)cosacosy+ sinfcosff Bcosa
(1 — cos@)cosfcosy — sinfcosa Bcosf
(1 — cos@)cos?y+ cos@® Bcosy

0 1
(D.55)

More operators of particular linear transformations can be found in the literature.

D.4 Chains of Consequent Linear Transformations
and a Closed Loop of Consequent Coordinate System
Transformations

Consequent coordinate system transformations form chains (circuits) of linear trans-
formations. The elementary chain of coordinate system transformation is composed
of two consequent transformations. Chains of linear transformations play an impor-
tant role in the theory of part surface generation.

Two different kinds of chains of consequent coordinate system transformations
are distinguished:

First is the transition from the coordinate system X,Y,Z, associated with the gear
tooth flank G to the local Cartesian coordinate system x,y,z, having the origin at a
point K of contact of the gear tooth flank G and of the pinion tooth flank P. This
linear transformation is also made up of numerous operators of intermediate coor-
dinate system transformations (X;,Yi,Zi,). It forms a chain of direct consequent
coordinate system transformations illustrated in Fig. D.13a.

The local coordinate system x.y,z, is associated with the gear tooth flank G. The
operator Rs (g —K g) of the resultant coordinate system transformation for a direct
chain of the linear transformations can be composed using a certain number of the
operators of translations (see Egs. (D.4) through (D.6)) and a corresponding number
of the operators of rotations (see Egs. (D.10) through (D.12)).
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Fig. D.13 An example of a direct chain (a), a reverse chain (b), and a closed loop (c¢) of consequent
coordinate system transformations

Second is transition from the coordinate system X,Y,Z, to the local Cartesian
coordinate system x,,)y,,z,, with the origin at a point K of contact of the tooth flanks G
and 2. The local coordinate system x,,y,,z,, is associated with the pinion tooth flank #.
This linear transformation is also made up of numerous intermediate coordinate
system transformations (X;Y;Z;), for example, transitions from the coordinate system
XY, Z;, associated with gear housing, to numerous intermediate coordinate system
X;Y:Z;. The linear transformation of this kind forms a chain of inverse consequent
coordinate system transformations shown in Fig. D.13b. The operator Rs (g —K ,,)
of the resultant coordinate system transformations for the inverse chain of trans-
formations can be composed using a certain number of the operators of translations
(see Egs. (D.4), (D.5), and (D.6)) and a corresponding number of the operators of
rotations (see Egs. (D.10) through (D.12)).

Chains of the direct and reverse consequent coordinate system transformations
together with the operator of transition from the local coordinate system x,,y,,z, to the
local coordinate system x,y,z, form a closed loop (a closed circuit) of the consequent
coordinate system transformations depicted in Fig. D.13c.

If a closed loop of the consequent coordinate system transformations is complete,
then implementation of a certain number of the operators of translations (see
Egs. (D.4), (D.5), and (D.6)) and a corresponding number of the operators of
rotations (see Eqgs. (D.10) through (D.12)) produces a result that is identical to the
input data. This means that an analytical description of a meshing process specified
in the original coordinate system remains the same after implementation of the
operator of the resultant coordinate system transformations. This condition is the
necessary and sufficient condition for the existence of a closed loop of consequent
coordinate system transformations.

Implementation of the chains, as well as of the closed loops of consequent
coordinate system transformations, makes it possible to consider the meshing pro-
cess of the teeth flanks G and P in any and all of reference systems that make up the
loop. Therefore, for consideration of a particular problem of part surface generation,
the most convenient reference system can be chosen.

In order to complete the construction of a closed loop of consequent coordinate
system transformations, an operator of transformation from the local coordinate
system x,y,z, to the local coordinate system x,y,z, must be composed. Usually,
the local reference systems x,y,z, and x,y,z, are a kind of semi-orthogonal
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Fig. D.14 Local coordinate
systems x;y,ze and x,y,,2,
with the origin at a contact
point K

coordinate systems. This means that the axis zp is always orthogonal to the coordi-
nate plane x,y,, whereas the axes x, and y, can be either orthogonal to each other or
not. The same is valid with respect to the local coordinate system x,,y,,2,,.

Two possible ways for performing the required transformation of the local
reference systems x,y,z, and x,y,z, are considered below.

Following the first way, the operator Rt,(p — g) of the linear transformation of
semi-orthogonal coordinate systems (see Fig. D.14) must be composed. The operator
Rt,(p — g) can be represented in the form of the homogeneous matrix:

sin (w,, + a) sin (a)g —w, — a) 0 0
sin w, B sin w,
Rt,(p—>g)=| _ Sna m 0 0 (D.56)
sin @, sinw,
0 0 -1 0
i 0 0 0 1]
Here,

®, is the angle that makes the U, and V, coordinate lines on the gear tooth flank G.

w), is the angle that makes the U, and V), coordinate lines on the pinion tooth flank, 2.

a is the angle that make the axes x, and x,, of the local coordinate systems x,y,z, and
XpYpp:

The auxiliary angle f in Fig. D.14 is f = wr + .
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The inverse coordinate system transformation, that is, the transformation from the
local coordinate system x,y,z, to the local coordinate system x,,y,z,,, can be analyt-
ically described by the operator Rt,(g — p) of the inverse coordinate system
transformation. The operator Rt (g — p) can be represented in the form of the
homogeneous matrix:

[ sin (wg — a) sin (wg -, — a) 0 O_
sin wg sin w,
Rt,(g—p) = Sina m 0 0 (D.57)
sin wg sin @,
0 0 -1 0
L 0 0 0 ]

Following the second way of transformation of the local coordinate systems, the
auxiliary orthogonal local coordinate system must be constructed.

Let us consider an approach, according to which a closed loop (a closed circuit) of
the consequent coordinate system transformations can be composed.

In order to construct an orthogonal normalized basis of the coordinate system
XgYeZe» an intermediate coordinate system x;y;z; is used. Axis x; of the coordinate
system x,y;z; is pointed along the unit vector u, that is tangent to the U,— coordinate
curve (see Fig. D.15). Axis y, is directed along the vector v, that is tangent to the
V,— coordinate line on the gear tooth flank G. Axis z; aligns with the unit normal
vector n, and is pointed outward of the gear tooth body.

For a gear tooth flank G having orthogonal parameterization (for which F, = 0
and therefore w, = #/2), an analytical description of coordinate system transforma-
tions is significantly simpler. Further simplification of the coordinate system trans-
formation is possible when the coordinate U,— and V,— lines are congruent to the
lines of curvature on the part surface G. Under such a scenario, the local coordinate
system is represented by a Darboux frame.

In order to construct a Darboux frame, the principal directions on the gear tooth
flank G must be calculated. Determination of the unit tangent vectors t; ,and t, ,of
the principal directions on the gear tooth flank G is considered in Appendix B.

In the common tangent plane, orientation of the unit vector t; . of the first
principal direction on the gear tooth flank G can be uniquely specified by the
included angle &, , that the unit vector t, . forms with the U,— coordinate curve.
This angle depends on both the geometry of the gear tooth flank G and the
parametrization of the gear tooth flank G. Depicted in Fig. D.16 is the relationship
between the tangent vectors U, and V,, and the included angle &, ,. From the law of
sine’s,
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Fig. D.15 Local coordinate system x,y,z, associated with the gear tooth flank G

Fig. D.16 Differential relationships between the tangent vectors U, and V,, the fundamental
magnitudes of the first order, the included angle, &, ,, and the direction of the unit tangent vector t; ,
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VG _ VE VF .

sinfj, sin[r—¢&,— (1—w,)] sin(w,—&,)

Here, w, = cos ’1(Fg/\/EgGg).

Solving the above expression for the included angle &, , results in:

2
| VEsGs— Fy (D.59)

é:lg = tan Eg +Fg

Another possible way of constructing an orthogonal local basis of the local
Cartesian coordinate system xpypzp is based on the following consideration.

Let us consider an arbitrary non-orthogonal and not normalized basis, X;X,X3 (see
Fig. D.17a). Let us construct an orthogonal and normalized basis based on the initial
given basis, X;X,X3.

A cross product of any two of three vectors X1, X5, X3, for example, a cross product
of the vectors x; X X, determines a new vector x4 (see Fig. D.17b). Evidently, the
vector x4 is orthogonal to the coordinate plane x;x,. Then, using the calculated
vector x4 and one of two original vectors X; or X, for instance, vector, X, yields the
calculation of a new vector X5 = X4 X X, (see Fig. D.17c). The calculated basis x;X4X;5
is orthogonal. In order to convert it into a normalized basis, each of the vectors X, X4,
and x5 must be divided by its magnitude:

X

€4 = |X4| (D61)
_ X

€5 = |X5| (D62)

The resultant basis e e4es (see Fig. D.17d) is always orthogonal and normalized.

In order to complete the analytical description of a closed loop of consequent
coordinate system transformations, it is necessary to compose the operator
Rs (K, — K,) of transformation from the local reference system x,,y,z, to the local
reference system x,y,z, (see Fig. D.13c).

In the case under consideration, the axes z, and z,, align with the common unit
normal vector n,. The axis z, is pointed out from the bodily side to the void side of
the gear tooth flank G. The axis z, is pointed oppositely. Due to that, the following
equality is observed:

Rs (K, > K,) =Rt (9., z,) (D.63)

The inverse coordinate system transformation can be analytically described by
the operator:
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Fig. D.17 A normalized and orthogonally parameterized basis, e,eses, which is constructed from
an arbitrary basis, X;X,X3

Rs (K, —K,)=Rs™'(K,—>K,) =Rt(—q,, z,) (D.64)

The implementation of the discussed results allows for:

(a) Representation of the gear tooth flank G and the pinion tooth flank 2 of the form
cutting tool as well as their relative motion in a common coordinate system

(b) Consideration of meshing of the gear tooth flank G in any desired coordinate
system that is a component of the chain and/or the closed loop of consequent
coordinate system transformations
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The transition from one coordinate system to another coordinate system can be
performed in both of two feasible directions, e.g., in direct and in inverse directions.

D.5 Impact of the Coordinate System Transformations
on the Fundamental Forms of the Surface

Every coordinate system transformation entails a corresponding alteration to the
equation of the gear tooth flank G and/or pinion tooth flank 2. Because of this, it is
often necessary to recalculate the coefficients of the first @, , and of the second @, ,
fundamental forms of the gear tooth flank G (as many times as the coordinate system
transformation is performed). This routine and time-consuming operation can be
eliminated if the operators of coordinate system transformations are directly used to
the fundamental forms ®; , and @, ,.

After being calculated in an initial reference system, the fundamental magnitudes
E,, F,, and G, of the first @, , and the fundamental magnitudes L,, M,, and N, of the
second @, , fundamental forms can be determined in any new coordinate system
using the operators of translation, of rotation, and of the resultant coordinate system
transformation. A transformation of such kinds of the fundamental magnitudes ®; ,
and @, , becomes possible by implementation of a formula, which can be found
immediately below.

Let us consider a gear tooth flank, G, which is given by equation r, = r,(U,, V,),
where (U, V) € G.

For the analysis below, it is convenient to use the equation of the first fundamental
form @, _, of the gear tooth flank G, represented in the matrix form:

E, F, 0 0 du,
F, G, 0 O av

[®,]=[dU, av, 0 0] Og Og Lo § (D.65)
0O 0 0 1 0

Similarly, the equation of the second fundamental form ®, , of the gear tooth
flank G can be given by:

L, M, 0 0 du,
M, N, 0 0 av

®,,|=[dU, dv, 0 0]-| & % & D.66

[®2] =[dU, 3 ] o 0 1 0 0 (D.66)
0 0 0 1 0

The coordinate system transformation that is performed by the operator of linear
transformation Rs (1 — 2) transfers the equation r, = r,(U,, V,) of the gear tooth
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flank G, initially given in X;Y,Z, to the equation ry =r} (U;, V;j) of the same gear
tooth flank G in a new coordinate system X,Y>Z,. It is clear that r, # r;‘,.

In the new coordinate system, the gear tooth flank G is analytically described by
the following expression:

1y (U3 Vi) =Rs(12) x, (U V) (D.67)

The operator of the resultant coordinate system transformation Rs (1 — 2) casts
the column matrices of variables in Egs. (D.65) and (D.66) to the form:

[dU; av; 0 0]"=Rs(1—2)-[dU, av, 0 0] (D.68)

Substitution of Eq. (D.68) in Egs. (D.65) and (D.66) makes the expressions for
the fundamental forms @7 , and ®; , possible in the new coordinate system:

[91.]

{Rs(1—>2)<[dUg av, 0 O]T}T-[<I>1Ag]~Rs(1—>2).[dUg av, 0 0]"
(D.69)

(@3] = [Rs(1-2) - [av, av, 0 O]T]T~[d)z‘g]'Rs(l—Q)-[dUg av, 0 0]

(D.70)

The following equation is valid for multiplication:

[Rs(1—>2).[dUg dv, 0 O]T}T:RST(I—Q)‘[dUg dv, 0 0]
(D.71)

Therefore,

[cp’;g}:[dUg ave 0 0] {Rs"(152)-[®,] Rs(1—2)}-[dU, dV, 0 0]
(D.72)
(@3, =1dU, av, 0 0 - {Rs"(1-2)- [@2,] Rs(1-2)} - [aU, aV, 0 0]
(D.73)

It can be easily shown that the matrices [d)fg} and [d)zg] in Egs. (D.72) and

(D.73) represent the quadratic forms with respect to dU, and dV,,.
The operator of transformation Rs (1 — 2) of the gear tooth flank G having the
first @, , and the second @, _, fundamental forms from the initial coordinate system
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X1Y,Z, to the new coordinate system X,Y,Z,, indicates that, in the new coordinate
system, the corresponding fundamental forms are expressed in the form:

[‘I’T.g} =Rs" (152)- [@,] -Rs(1>2) (D.74)
{qﬁ.g} —Rs’ (152) - [@2,] - Rs(1—2) (D.75)

Equations (D.74) and (D.75) reveal that after the coordinate system transforma-
tion is completed, the first @] , and the second ®; , fundamental forms of the gear
tooth flank G in the coordinate system X,Y,Z, are expressed in terms of the first @, ,
and the second @, , fundamental forms initially represented in the coordinate
system X;Y,Z;. In order to do that, the corresponding fundamental form (either the
form @, , or the form @, ,) must be pre-multiplied by Rs (1 — 2) and after that it
should be post-multiplied by Rs”(1 — 2).

Implementation of Egs. (D.74) and (D.75) significantly simplifies formula
transformations.

Equations similar to Eqgs. (D.74) and (D.75) are valid with respect to the pinion
tooth flank 2.

In case of use of the third ®; , and fourth ®, , fundamental forms, their
coefficients can be expressed in terms of the fundamental magnitudes of the first
and second orders.

Appendix E: Closest Distance of Approach Between
the Tooth Flanks of a Gear and a Mating Pinion

Generally, the problem of the calculation of the closest distance of approach between
two smooth regular surfaces is a sophisticated and challenging one. As per the
author’s knowledge, no general solution to the problem of calculation of the closest
distance of approach between two smooth regular surfaces is available in the public
domain. For the purpose of calculation of the deviation J, of the actual gear tooth
flank G . with respect to the desired (nominal) gear tooth flank G .., the problem
under consideration can be reduced to the problem of computation of the closest
distance of approach between two torus surfaces Tr, and Tr,.

Let us consider a gear tooth flank, G, and a mating pinion tooth flank, 2, which
are initially given in a common coordinate system X,Y},Z;,, associated with the gear
housing, as illustrated in Fig. E.1. The tooth flanks G and 2 are locally approximated
by portions of the torus surfaces Tr, and Tr,,, respectively. Again, not all points of the
torus surfaces Tr, and Tr,, can be used for the local approximation of the gear and the
pinion tooth flanks G and P, respectively. Only points that are located either within
the biggest meridian or within the smallest meridian of the torus surface are
employed for this purpose.
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Fig. E.1 Calculation of the
closest distance of approach
of a gear tooth flank, G, and a
mating pinion tooth flank, P

The points K, and K; are chosen as the first guess points on the torus surfaces Tr,
and Tr,, respectively. For the analysis below, it is convenient to relabel the points K,
and K, as g; and p;, respectively.

For a given configuration of the torus surfaces Tr, and Tr,, the closest distance of
approach between these surfaces can be used as a first approximation to the closest
distance of approach between the original gear and the pinion tooth flanks G and 2,
respectively.

The closest distance of approach between the torus surfaces Tr, and Tr, is
measured along the common perpendicular to these surfaces. The following equa-
tions can be composed on the premises of this property of the closest distance of
approach.
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The unit normal vector ny,. , to the torus surface Tr, is located within a plane
through the axis of rotation of the surface Tr,. In the coordinate system X, oYy oZir o
that is associated with the torus surface Trp, the equation of a plane through the axis
of rotation of the torus surface Tr, can be expressed in the form:

{r‘tg - rt(roir} x ktr.g x RLng =0 (El)

where

r., is the position vector of a point of the plane through the axis of rotation of the
torus Tr,.

Ef ; is the position vector of a point within the plane r_, (it is assumed below that this
point coincides with the origin of the coordinate system Xi; oYy oZy. o)-

tr. g
Ky ¢ is the unit vector of the Z ,— axis.

r

Equation (E.1) is expressed in terms of the radius R, .. This indicates that the set
of all planes through the fixed Z; ,— axis forms a pencil of planes. The equation of
the pencil of planes r_, in the common coordinate system X, Y,Z;, can be represented
in the form:

Vtr.g - COS gtr.g
Virg - sinOy g
Ztr.g
1

r‘rg (Ztr.g» V‘rr.g» etr.g) =Rs (Trg = h) : (E2)

The unit normal vector ny, , to the torus surface Tr, is located within a plane
through the axis of rotation of the surface Tr,. In the coordinate system X;; ,Yy;. pZ.
p» which is associated with the surface Tr,, the equation of a plane through the axis of
rotation of the torus surface Tr, can be represented in the form:

|:r1p - rt<r0,>;:| x ktr.p x RLLp =0 (E3)

where

r,, is the position vector of a point of the plane through the axis of rotation of the
torus Tr,,.

rfg [), is the position vector of a point within the plane r, (it is assumed below that this

point coincides with the origin of the coordinate system Xy, Y. pZ. p)-
Ky 5 is the unit vector of the Z. ,— axis.

Equation (E.3) is expressed in terms of the radius R, ,,.. This indicates that the set
of all planes through the fixed Z, ,— axis forms a pencil of planes. The equation of
this pencil of planes r,, in the common coordinate system X,,Y),Z, can be represented
in the form:
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Viep - €080,
Viep - sinOyp
er.p
1

r’[p (Ztr.p’ VLrp, 9Lr4p) = RS (Trp — h) : (E4)

A straight line through the points déi) and dl(,i), along which the shortest distance of
approach d g’}f“ of the torus surfaces Tr, and Tr,, is measured, is the line of intersection
of the planes r;, and r,,. Therefore, this line d;;“ must be aligned with both unit

normal vectors ny. , and ny. .
In the coordinate system X,Y},Z,, the equation for the unit normal vector ny, , to
the torus surface Tr, yields representation in the matrix form:

(Ctr»g + cos %.g) © COS Py + COSOy g
(Ctr.g + cos @tng) cCOS Py g - sin etr.g

(Ctr.g + cos qolng) - sin Pirg
1

Ny =Rs (Trg—h) - (E.5)

Rag

where C. , is the parameter Cyy g =1 — R
£

Similarly, in the coordinate system X,Y,Z;,, the equation for the unit normal
vector Ny ,, to the torus surface Tr, yields the matrix representation in the form:

(Cup+ cOs@y,) - COS@y, - COS Oy
(Ctrp + cos (ptr.p) - COS @y, - SNy

(Cup+ cosgy,) - sing,,
1

ng, =Rs (Tr,—h) - (E.6)

Rap
Ry, )

Evidently, the points Oy, 4, Oy p, déi), and dl(,’) (see Fig. E.1) are located within the
straight line through the centers Oy , and Oy ,. The position vector r., of this
straight line can be calculated from the equation:

where Cy. , is the parameter Cy, =1 —

(Yea —Teg) X (rep —Teg) =0 (E.7)

where

r., is the position vector of a point of the circle of a radius Ry, ,.
r., is the position vector of a point of the circle of a radius Ry, ).

It is necessary that the straight line r, be along the unit normal vectors n,, and n,,
to the torus surfaces Tr, and Tr,,.



440 Appendices

Considered together, Eqs. (E.2), (E.4), and (E.7) make the calculation of the
closest distance of approach between the torus surfaces Tr, and Tr, possible. Then,
the straight line d ;;i“ intersects the part surface G and the generating surface 2 of the
form cutting tool at the points g; . | and p; , 1, respectively. The points g; , ; and
pi + 1 serve as the second guess to the closest distance of approach between the
surfaces G and P.

The cycle of the recursive calculations is repeated as many times as necessary for
making the deviation of the calculation of the closest distance of approach between
the surfaces G and P smaller than the maximal permissible value.

There is an alternative approach to the calculation of the closest distance of
approach between two torus surfaces. The direction of the unit normal vector to an
offset surface to Tr, is identical to the direction of the unit normal vector ny. , to the
torus surface Tr,. This statement is also valid for the unit normal vector n. 7 to the
torus surface Tr,. This property of the unit normal vectors n, , and n. , can be used
for the modification of the method of calculation of the closest distance of approach
between two torus surfaces.

The equation of the circle of radius Ry, . yields the matrix representation:

Ry - cOS Oy
Ryg - sinfyg
0
1

Teo(Org) =Rs(G—h) - (E.8)

The equation of the circle of radius Ry, , can be analytically described in a similar
manner:

Ry ) - cos Oy,
Ry p - sinby
0
1

Ly (0p) =Rs (2> h) - (E.9)

The distance d,, between two arbitrary points on the circles r.o(6y. o) and r,(0y. ) is
as follows:

dgp (Htr-g’ gtr-p) = [reg (atr-g) —Tep (etr-p)| (E.10)
The distance d, is minimal for a specific (optimal) combination of the parameters
0Oy g and 0y, ,,. The favorable values of the parameters 6y, , and 0, ,, can be calculated
from the solution of the set of two equations:

0
30" (Og) =0 (E.11)
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0
ml‘cp (Gtr_p) =0 (E12>

From the solution of Egs. (E.11) and (E.12), the optimal values 9((??) and Ht(fgt),
respectively, can be determined. These angles specify the direction of the closest
distance of approach of the torus surfaces Tr, and Tr,, respectively.

Following this method, the three-dimensional problem of the calculation of the
closest distance of approach of two torus surfaces is reduced to the problem of
calculation of the closest distance of approach between two circles. Under a certain
scenario, the latter approach could possess an advantage over the previous one.

The convergence of the disclosed algorithms for the computation of the closest
distance of approach between two smooth regular surfaces is illustrated in Fig. E.2.
The computation procedure is convergent regardless of the actual location of the first
guess points on the surfaces G and .

|

Sy

(@) (i+1)
Og’ Og’

Fig. E.2 The convergence of the methods of calculation of the closest distance of approach of a
gear tooth flank, G, and a mating pinion tooth flank, P
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It is instructive to draw attention here to the similarities between the disclosed
iterative method for the computation of the closest distance of approach between two
smooth regular surfaces and Newton—Raphson’s method, the iterative method of
chords, and so forth. Many similarities can be found on this comparison.

Appendix F: Selected Bibliography on Novikov/Conformal
Gearing

Immediately below in this section of the book, a list of publications on Novikov/
conformal gearing is presented. The monographs, scientific papers, conference pro-
ceedings, patents on inventions, and so forth are covered by this list of publications.
The list will be helpful, first of all, to those who are about to start new research in the
field of Novikov/conformal gearing.
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