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Abstrakt Flexspline is one of the most important components of
harmonic drive. Flexspline is very adversely stressed during
operation. In essence, stresses from deformation by the generator,
stresses from the transmitted load and local stresses from the
bending of the teeth in the tooth gaps act in it. Flexspline is radially
flexible, but torsionaly very tiff. When the wave generator is
inserted into the Flexspline, the gear takes on its elliptical shape.
When designing a flexible whedl, it is very important to determine
and correctly choose its geometric properties.

Key words flexspline, harmonic drive,
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1. INTRODUCTION

A transmission called Harmonic Drive was designed in the USA by
Muser to increase torque by reducing the rotational speed of the
motor as a power source. Harmonic transmission has a structure
with three components. wave generator (wave generator WG),
flexible gear wheel (flexspline FS) and rigid gear wheel (circular
spline CS) [5]. Harmonic drives have a number of advantages, but
also disadvantages, compared to classic gears. The main advantages
include: high torque, excellent positioning accuracy and
repeatability, compact design, zero backlash, high reduction gear
ratio and high torsiona dtiffness. On the other hand, their
disadvantage is high elasticity, non-linear stiffness and damping.
The most common way to operate a harmonic gear drive uses a
wave generator as the input link and a flywheel as the output link.
Due to the fact that one member is flexible in harmonic gears (Fig.
1), these gears have two peculiarities compared to planetary gears.
Thefirst peculiarity of harmonic gears consists in the fact that dueto
the changed shape of the flexible wheel due to the load, or due to the
chosen shape of the generator cam, there is a very small relative
movement between the teeth located in the gear mesh. The second
peculiarity is also conditioned by the shape of the flexible whedl, it
consists in the reduction of the pressure angles in the kinematic pair
of wave generator - flexible wheel, which is reflected in the
reduction of frictional losses of this pair in the comparison of the
follower-satellite in the planetary gear. The flywheel isthe main part
of the harmonic gear, which can generate repetitive vibrations of the
wave generator. For this reason, the flexible wheel should have
flexibility and good vibration characteristics.

Circular Spline
Flexspline :

Wave generator

a) b)

Fig. 1 Design of harmonic drive: @ main elements of harmonic
drive; b) interaction of harmonic driving elements

2. CONFIGURATION OF WAVE GENERATOR

The wave generator is an elliptical steel disc forming the heart of the
gearbox, which has a centric hub and a specia thin, elliptically
deformable ball bearing. It is also connected to the motor shaft. The
Ellipticdl Wave Generator is a driven element and initiates the
Harmonic Drive traction wave process with FS deformation. The
latter meshes with an internally toothed circular spline in opposite
areas of the major elliptical axis. The rotation of the wave generator
causes a displacement of the major elliptical axis along with the
captured area of the teeth. The wave generator can have different
configurations, each of which deforms the spring wheel in a
different way. This means that the deformed shape of the spring
wheel is defined by the shape of WG. The following types of wave
generator are used in practice:

cosine - cam WG (Fig. 2 a))
WG type of two discs (Fig. 2 b))
two —roller WG (Fig. 2 c))
four —roller WG (Fig. 2 d))
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For the analytical description of the median surface of the flexible
gear wheel of individual WG configurations, it is necessary to
introduce several assumptions under which the equations described
by uswill bevalid:

= The neutra curve of the flexible wheel has a constant length
(does not change during deformation))

= We consider the individual teeth of the flexible wheel to be
rigid, deformation occurs only at the root of the tooth

=  We consider that the tooth is "cut off" from the surface of the
spring whed in the deformed state of the spring wheel
(separation at the root of the tooth).

¢) two—roller WG

d) four —roller WG

Fig. 2 Schematic representation of typical WG configurations:

A — secondary axis of the generator, B — axis of the generator,
C — neutra layer of the flexspline before deformation, D - neutral
layer of the FS after deformation.

The FSfits closely to the wave generator so that it deforms with the
shape of the rotating ellipse, but does not rotate with the wave
generator. The FS and the wave generator are located inside a
circular groove that wraps around the flex line teeth and the circular
groove teeth [3].

Deformation function of the cosine-cam
w(p) = wycos2¢ @D

Where w,, isthe maximum pre-deformation amoun.
Deformation function of the roller-cam:
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Where the four-roller WG f value is 30°. Two-roller WG can be
regarded as a specia case of four-roller WG when f = 0°.

3. FLEXSPLINE HARMONIC GEAR

The key element of the harmonic gear used for the transmission of
motion is a flexible gear wheel, which is formed by a thin-walled
cylinder, while on its outer edge (open) there is an external toothing
[20]. In most cases, the closed part of the cylindrical container is
reinforced (thicker than the cylindrical surface of the spring wheel),
since the output shaft of the gearbox transmitting high torques is
directly connected to it.
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Fig. 3 The flexspline geometric model: dgg,, — Spacing diameter,
d - diameter of the neutral layer circle, dy _ inside diameter,
h, - body thickness without toothed ring, h, - sleeve body
thickness, L — flexspline length.

The shape of the spring wheel (Fig. 3) depends on the type of wave
generator, which is inserted into the open part of the spring wheel
during assembly [8]. Holes are indicated through the closed part of
the cylindrical container. With the help of screws guided through
these holes, the output member of the gear is subsequently mounted,
to which the loads can be connected in the necessary manner.

The flexible wheel undergoes constant deformation from the wave
generator while the gearbox is running, and at the same time there is
multiple contact in the teeth between the flexible wheel and the rigid
wheel. As aresult, the correct choice of the materia of the flexible
wheel isimportant.

3.1 Material of flexspline

When designing a flexible whedl, it is very important to determine
and correctly choose its geometric properties. Adequate selection of
the dimensions of the flexible wheel should ensure the minimization
of stresses in dangerous cross-sections and a more constant
distribution of the stress of the flexible wheel, which must be
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flexible in the radial direction but rigid in the torsional direction. L
These phenomena cannot be avoided when the spring wheel is made
of conventional isotropic materials such as steel [6]. —

Nwwwws
Therefore, the appropriate application of materials or technological R
modificationsis very important. Using composites on the FS enables 2
weight reduction of the FS and increases significantly its radial %
susceptibility and damping of vibration [5]. The production of FS
made entirely from composites is, however, constrained by
technological difficulties connected with creating their toothed ring
gear. This problem may be solved by the application of so-called
complex steel-composite hybrid FS (Fig. 4) [3].
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Fig. 4 The construction of the so-called "pot" shaped flexible wheel
made of steel - composite material.
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The geometric parameters of the constructions that we most often
encounter are shown in fig. 3. Classic flexible wheels can have C)
externa (Fig. 5a)) or internal (Fig. 5b)) flanges. R> x
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Fig. 5 Congtruction of flexspline of harmonic gear wheel: dz — :
diameter of the outer flange, d3 — diameter of inner flange, - -
R2 —radius of rounding a) outer flange, b) inner flange. )
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Fig. 6 Basic types of flexspline of harmonic transmission

The existence of a FS in a gear transmission, deforming during
work, needs a special approach to the investigation of engagement
in this gear. Above all, it is necessary to express the influence of the
deformation of the FS the shape of the teeth distributed on it.
Flexspline of harmonic gear has elastic properties and depending on
the wave generator can take on specific shapes. In fig. 6 shows the
most frequently used forms of the flexible harmonic gear wheel.
Many of the flexible wheel shapes that have been investigated have
proven to be completely useless due to their low resistance. The goal
of various analyzes of harmonic gear flywheel constructions is to
obtain a shape of the flywheel that would improve its service life
and reliability.

Based on the experimental results, it was found that with the
possible values of deformations of the FS and real ratios between
the diameter of the central surface and the thickness of the wall of
the elastic whedl, there is no significant change in the shape of the
profiles and the position of the teeth [7, 8]. We cdl the middle
surface the geometric location of the points dividing the wall
thickness of the flexible whedl in half. In fig. 7. the shape of the
teeth isindicated in the section of the largest deformation of the gear
ring - at point X - X’ infig. 2 a).

the section of compression expansion section

Fig. 7 The shape of the teeth in the part of the greatest deformation

As part of the design, the teeth of the Flexspline are preloaded
against those of the circular spline so that any wear in the teeth is
compensated for and the drives operate with virtually zero backlash
[11]. Friction losses and wear are, in any event, negligible because
of the way the teeth come into contact in almost a pure radial motion
with amost no diding velocity.
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5. REQUIREMENTSPLACED ON TOOTH PROFILES

Since HD was invented by Musser in 1955, there have been
extensive researches on tooth profile design and kinematic analysis.
Looking at the history of HD, the tooth profile has gradualy
evolved from straight line [4], involution [5] and S-shaped [6] to
double circular arch [7] and cycloid [8]. Regarding HD kinematic
analysis, the inventor Musser only schematically showed the
working principle of HD in his patent [3] and did not solve the
kinematic problem. Scientist lvanov modeled the relative maotion
between circular spline and FS as pure rolling friction of circular
and non-circular curves on the neutral layer and defined the
circumferential ratio of the two curves as the gear ratio.

The researches provide an effective guideline to revea the
movement mapping between the intake end and the exit end of the
FS cup. It should be noted that the transmission ratio defined by the
two kinematic modelsis actually the average speed ratio of the input
wave generator and the output end of the FS [13, 14]. Considering
that the WG forces the FS to produce elastic deformation and the FS
tooth undergoes a small oscillation, the defined gear ratio obviously
cannot accurately describe the engagement between the CS and FS
teeth.

The pressure angle of the gear teeth transforms the output torque’s
tangential force into a radial force acting on the wave-generator
bearing. The teeth of the FS and circular spline engage near the
ellipse’s major axis and disengage at the ellipse’s minor axis. It is
know the FS has two less teeth than the circular spline, so every
time the wave generator rotates one revolution, the flexspline and
circular spline shift by two teeth.

The main purpose of adjusting the tooth profile is to reduce the
impact |oad between the teeth, the number of engaged teeth is large
at the same time, about 20~30% of the FS teeth are engaged, and the
engagement state of each tooth is different (Fig. 8). Finaly, for the
same tooth, the engagement condition is not the same in different
axial positions.

Circular Sphne

= = km

Figr. 8 This is a progression of flex-spline tooth engagement with
circular-spline teeth.

Once that the centrodes are determined and that the shape of one
tooth is fixed, the shape of the other tooth can be found according to
the conjugate action theory. There also many constraint such as
interference, strength of materials, surface maximum curvature, ease
of manufacturing. The peculiarity of harmonic drive teeth is that
they undergo a roto-translational motion, not simply rotational asin
traditional gearing. The equivelocity curve of FS can be taken as the
neutral axis of the rim width [14, 13]. The line passing through the
middle of the tooth height can be called "reference circle” or "pitch
curve". This line undergoes a dight stretch that cannot be neglected
in the synthesis of conjugate action between meshing teeth.
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Reference circle of CS

Reference curve of FE

Neutral curve of FS

Fig. 9: Drawing of neutral line and of the reference curve or pitch
circle.

After determining the shape of the deformed tooth, the task is to
design a suitable shape of the counter profile so that there is no
interference when the flexible wheel engages with the rigid wheel of
the harmonic gear. The flanks of the teeth of the rigid gear must be
the envelope curves of the flanks of the teeth of the flexible gear.

6. CONCLUSION

The key element of harmonic transmission serving to transmit
motion is a flexible gear wheel. The shape of the spring wheel
depends on the type of wave generator that is inserted into the open
part of the spring wheel during assembly. The spring wheel is under
very unfavorable stress during operation. It is affected by stresses
from deformation by the generator, stresses from the transmitted
load and local stresses from the bending of the tooth in the tooth
gaps. The amount of deformation of the flexible wheel has a
significant influence on the character and quality of the shot. The
analysis of the shape of the flexible wheel makes it possible to
assess the possihility of reducing the dimensions of harmonic drives
without limiting their strength. The shape of the active sides of the
teeth of the fixed wheel should be such that in the place of the
greatest load of the flexible wheel, after deformations, there is no
increase in tension due to incorrect engagement. Future work can
focus on finding out the shape of the deformed tooth of the spring
wheel and subsequently design a counter profile so that there is no
interference when the spring wheel engages with the rigid harmonic
gear whesl.

References

1. IANICI, S., IANICI, D.: Contributions to determining
thetrgjectory of a point on the average fiber of the flexible wheel
ofa double harmonic transmission. In: Anaéee Universitatii
‘Eftimie Murgu' Vol. 26, no. 1 (2019), p. 99-106 ISSN: 1453-
7397.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Vol. 13, issue 01

HARACHOVA, D. - MALAKOVA, S: Posshilities
Possibilities of use and characteristics of high precision
transmissions in machinery. In: MM Publishing Ro¢. 2022-
November, s. 6014-6019 [print, online] (2022) ISSN 1803-1269.
KRAJNAK, J. - URBANSKY, M. - ZUZOVA, L.: Investigation
of air temperature change in the flexible element depending on
connecting holes number during compressing of this
eement. In: Projektowanie, badania i eksploatacja. - Bielsko-
Biala (Pol'sko) : Wydawnictwo naukowe Akademii techniczno-
humanistycznegy w Bielsku-Biatej s. 299- 306 [print] (2022)
ISBN 978-83-66249-97-4.

FOLEGA, P., BURDZIG, R., WEGRZYN, A. P. : Using new
materials for flexsplines of harmonic drive, Engineering’ 2009 —
Innovation and development, 5th Engineering Conference,
Covilh™a— Portugal .

BORYSOVSKA, K., VERBYLO, D., PODREZOV, Y.
SZAFRAN, M. (1995): The structural optimizationof ceramic-
organic composites, Archives of Metallurgy and Materials, 54,
4, 875-879.

JEONG, S, LEE, S,G. (1995): Evelopment of the composite
flexspline for a cycloid-type harmonic drive using net shape
manufacturing method, Composite Structures 32, 557-565
(1995).

GENERAL CATALOGUE Harmonic Drive AG, 05.2029.
W.N. Gorelov, Stress state of the teethed ring of harmonic drive
flexible gear, Soviet ngineering Research 5, 7-10 (1979)
GHORBER, H., GANDHI, S., ALPETER, F. (2001):0On the
Kinematic Error in Harmonic Drive Gears’, J. Mech. Des., pp.
90-97,

MANTIC, M., KULKA, J1.(2022): Engineering Failure
Analysis. - Amsterdam (Nemecko) : Elsevier Ro¢. 141 (2022), s.
[1-12] [print, online]. - ISSN 1350-6307

HAREESH,Y.S.; VARGHESE, J. Design and Analysis of Flex
Spline with Involute Teeth Profile for Harmonic Drive
Mechanism. Int. JEng. Res. 2015, 4, 613-618.

CHAN, X. - LIU, Y. - XING, J. - LIN, S. - Xu, W.(2014): The
parametricdesign of double-circular-arc tooth profile and its
influence on the functiona backlash of harmonic drive’, Mech.
Mach. Theory, ro€. 73, s. 1-24.

GREGA, R., KRAJNAK, J., ZUCOVA, L., KACIR, M.,
KASSAY, P., URBANSKY, M., (2023): Innovative solution of
torsional vibration reduction by application of pneumatic tuner
in shipping piston devices, Journa of Marine Science and
Engineering. - Bazilej (Svajéiarsko) : Multidisciplinary Digital
Publishing Institute Roé¢. 11, & 2, s. [1-15] [onling]. - ISSN
2077-1312.

ISHIKAWA, S.: Wave gear drive, February 7 1996. EP Patent
0,501,522.TAKADA, J., KONDO, K.: Study on tooth profiles
of the harmonic drive. Journal of Mechanical Design, 1990.
FOLEGA, P., BURDZIG, R., WEGRZY N, A. P. (2009): Using
new materials for flexsplines of harmonic drive, Engineering’
2009 — Innovation and development, 5th Engineering
Conference, Covilh™a— Portugal.

HARMONIC GEAR STRAIN WAVE GEAR (2005): https://harm
onicdrive.de/en/technol ogy/harmonic-drive-strain-wave-gears.
MUSER CW. Strain Wave Gearing, United States Patent,
No.2,906,143.

FOLEGA, P.. Andysis of stress state of toothed ring of
flexspline by means the BEM.,Archives of Materials Science
andEngineering, Vol. 59, pp 40-45, Jan (2013)

73





