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Abstract. In the present study, as the structural material for toothed flexsplines of harmonic
drives, a composite material based on an epoxy resin matrix reinforced with glass or carbon fibres
was used. A preliminary numerical modal analysis of the material and structural solutions for the
harmonic drive flexsplines assumed to be applied was conducted. This paper includes presentation
of a simplified method used to determine torsional stiffness of a flexspline. With reference to the
material and design solutions of flexsplines assumed to be analysed, values of their torsional angle
were determined. Under the studies performed, geometrical models of flexsplines being
manufactured for the HFUC and HFUS type harmonic drives were developed based on their actual
structures and geometrical dimensions. The calculations prepared for the sake of the study by
application of the finite element method (FEM) were conducted using the MSC Patran/Nastran
and Femap/NX Nastran software.

Keywords: harmonic drive, flexspline, composite materials, modal analysis.
1. Introduction

Harmonic drives are used in various spheres of engineering in an extensive scope of
applications. They are currently used for a growing number of purposes in the automotive industry,
aviation, medicine, automatic control and robotics [1]. In transmission gears installed in the most
important automatic control systems, the problems of their high kinematic accuracy, smoothness
in moment transmission and dynamic characteristics are becoming increasingly relevant. A
toothed harmonic drive (Fig. 1) is a specific toothed mechanism which consists of three
fundamental components: an internal gear (circular spline), a flexspline with an indented toothed
ring and a deforming wave generator.

Fig. 1. The main components of a harmonic drive: 1 — circular spline, 2 — flexspline, 3 — wave generator [1]

In harmonic drive, the external moment is transferred by means of the flexspline cyclic
deformation with a wave generator causing a complex state of stress to emerge in this harmonic
drive subunit. Therefore, the most heavily loaded, the weakest and the main element of toothed
harmonic drives is actually the flexspline. It is the design of this component and the choice of its
material that determine the fundamental properties of the harmonic drive. A selection of materials
used in manufacturing of harmonic drive flexsplines is provided in Table 1 [2]. The flexspline is
the component of a harmonic drive, which can generate a repeated vibration by the wave
generator. From this reason, the flexspline should have flexibility and good vibration
characteristics. When considering transmissions used in automatic control systems, issues
connected with their high kinematic precision, smoothness of torque transmission and dynamic
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characteristics (stiffness, damping, moments of inertia and natural frequencies) gain utmost
importance.

The general interest in using a new materials in various spheres of life has recently been rapidly
growing. Numerous theoretical and experimental investigations have been performed to study the
use of different materials, the purpose of which is to increase the number of potential practical
applications of those materials [3-5]. Within the recent years, various attempts have been
undertaken to use different structural materials for flexsplines, other than those commonly applied
in quenching and tempering [6-10].

Table 1. Materials used in manufacturing of harmonic drive [2]
Flexspline 42CrMo4, 35CrMo4, 34CrNiMo6, 40NiCrMo6,
Circular spline | C45, C55, 28Cr4

The authors of papers [6-10] performed preliminary tests upon the application of composite
materials in production of flexsplines for harmonic drives. An example of such an approach may
be a flexspline made of composite materials based on an epoxy resin matrix reinforced with carbon
fibres [6-7]. The authors of paper [6] conducted experimental studies on a prototype of a composite
flexspline and compared the results obtained with a traditional steel flexspline. The results
obtained evidenced numerous advantages of a composite flexspline compared to a steel one [6].
Using composite materials for harmonic drive flexsplines enables reduction of the wheel weight.
Composite flexsplines are characterised by higher radial flexibility and damping capacity. The
problem encountered while manufacturing flexsplines of composite materials is in the difficulties
related to fabrication of the teeth of toothed rims that would have similar toothing properties as
the traditional involute teeth profiles. This problem may be solved by using flexsplines made of
steel and composite materials [8-10]. The authors of publication [10] proposed a new
manufacturing method for the cup-type composite flexspline for a harmonic drive was developed,
using adhesive joining technology to obviate the manufacturing difficulty of the conventional
one-piece, cup-type steel flexspline and to improve the dynamic characteristics of the flexspline.
The boss and teeth sections of the flexspline were made of steel and the tube section was
manufactured with high-strength carbon-fiber epoxy composite material. The separately
manufactured parts were adhesively bonded [10].

2. FEM models of flexsplines

Under the studies performed, geometrical models of flexsplines being manufactured for the
HFUC and HFUS type harmonic drives were developed based on their actual structures and
geometrical dimensions. The structure and the most important geometrical dimensions of the
flexsplines being analysed have been depicted in Fig. 2 and described in Table 2. The FEM models
developed for flexsplines featuring a base (HFUC) and with an external flange (HFUS) have been
shown in Fig. 3. In order to enhance the data preparation process, the model geometry was
recorded in the form of a processor’s macro-commands owing to which, by changing the
properties of models, one could automatically generate grids of finite elements for flexsplines of
various geometrical and structural properties. The calculations prepared for the sake of the study
were conducted using the MSC Patran/Nastran and Femap/NX Nastran software.

The geometry of the models examined was then recorded using the Femap/NX Nastran system.
Tables 3 and 4 contain material characteristics for the steel and composite materials used for the
calculations.

Table 2. Sample basic geometrical dimensions of flexsplines: HFUC 40-100 and HFUS 40-100
L [mm)] 51
d,, [mm] 107
d4 [mm] (the flexspline type HFUC) | 25
d4 [mm] (the flexspline type HFUS) | 140
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a) The flexspline type HFUC b) The flexspline type HFUS
Fig. 2. Basic geometrical dimensions of the following flexsplines

a) The flexspline type HFUC b) The flexspline type HFUS
Fig. 3. Three-dimensional FEM models of flexsplines

3. Calculation results

Even though the harmonic drive has many kinematic advantages, it has several dynamic
drawbacks. The motion is not perfectly smooth, but has a ripple that has the same frequency as
the wave generator [9-11]. The ripple can produce noise or vibration when the natural frequency
of the flexspline becomes the same as the exciting frequency. Also, the torsional stiffness of the
flexspline is small and decreases as the torque increases because it is designed as a thin cup shape
to decrease the radial stiffness. For the better operation of the harmonic drive the following three
functional requirements should be satisfied: decrease the radial stiffness for smooth operation,
increase damping and torsional stiffness [9]. In addition to the functional requirements, the
fundamental natural frequency of the flexspline in the radial direction should be larger than the
operating frequency, which is a constraint. When the flexspline is made of conventional isotropic
materials, such as steel, the above functional requirements can be satisfied with a narrow margin
of operating frequency.

Table 3. Properties of the steel 42CrMo4
Tensile modulus (GPa) | 210
Shear modulus (GPa) 80

Poisson’s ratio 0,3
Tensile strength (MPa) | 1000
Density (kg/m?) 7850

Fig. 4. Dividing of the flexspline (type HFUC) [22]:
1 — teeth section, 2 — tube section, 3 — boss section

The modal analysis requires solving an internal problem for the structural model assumed for
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the structure examined. The established sets of natural periodicities and the forms of vibrations
and damping coefficients enable simulation of the structure’s behaviour under any chosen input
functions [12-20]. It is applicable in the designing process when it is impossible to conduct tests
on the object of study. Knowing the vibration frequencies of flexsplines becomes particularly
useful when designing their structures, since it enables avoiding the resonance phenomenon.

Table 4. Properties of the composite materials

Properties of the epoxy resin
Tensile modulus (GPa) 1,3
Shear modulus (GPa) 0,45
Poisson’s ratio 0,40
Tensile strength (MPa) 45
Shear strength (MPa) 29,5
Density (kg/m?) 1200
Properties of the fibre | Glass fibre | Carbon fibre
E; (GPa) 43,5 130
Er (GPa) 5,0 8,0
G.r (GPa) 5,0 6,0
VT 0,25 0,28
Density (kg/m?) 2150 1750
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For the sake of the calculations, three material solutions were assumed for the flexsplines being
analysed: flexsplines made of steel (Table 3), flexsplines made of composite materials (Table 4)
and flexsplines made of steel and composite materials. In the latter case the one-piece flexspline
was divided into three parts, the teeth section (mark 1 in Fig. 4), tube (mark 2 in Fig. 4) and boss
sections (mark 3 in Fig. 4). The boss and teeth sections were made of steel (Table 3) and the tube
section was made of composite materials based on an epoxy resin matrix reinforced with glass
and carbon fibres (Table 4).

In the course of the calculations performed by application of the finite element method, basic
forms and natural frequencies for the flexspline models in question were established. In Figs. 5
and 6, the initial five vibration frequency values have been shown for flexsplines bases made of
steel, composite materials and steel-composite materials.

Analyzing the obtained results of the calculations shown in the drawings (Figs. 5 and 6) has
been found that the influence of flexspline dimensions on the results obtained is relevant.
Increasing the geometrical dimensions in the same type of flexsplines causes a decrease in the
vibration frequency value. In type HFUC flexsplines, compared to type HFUS flexsplines of the
same size, higher vibration frequency values were observed. Manufacturing flexsplines of
composite materials exclusively enables increasing the values of their fundamental free vibration
frequencies as compared with steel flexsplines. As regards flexsplines made of steel and composite
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materials, using a composite material based on an epoxy resin matrix reinforced with glass or
carbon fibres causes an increase in the vibration frequency values by ca. 7% and 16 %
respectively. Using only a composite material based on an epoxy resin matrix reinforced with
glass or carbon fibres causes an increase in the vibration frequency values by ca. 20 % and 35 %
respectively.

The torsional stiffness of the harmonic drive is defined as the ratio of the applied torque to the
torsional angle. The initial stiffness of the harmonic drive, which is measured at a torque less than
one-half of the rated capacity, is important when it is employed as a precision servo drive
mechanism [9]. For the sake of determination of stiffness of the harmonic drives being
manufactured, their manufacturer recommends that linear approximation between points specified
in datasheets and describing stiffness changes should be applied [1]. According to product
datasheets, torsional stiffness of a flexspline should be determined by dividing the torque twisted
curve into the following three areas [1]:

- Area of low torque, from 0 to Ty, i.e. for T < T;, where:

¥ = Kl’ ( )
- Area of average torque, from T; to T,, i.e. for T; < T < T,, where:
T1 T - T1
=1 2
P2 Kl + KZ ’ ( )
- Area of high torque for T > T,, where:
T1 T2 - T1 T - TZ
$3 = ) )

KK Ks

where @; — torsional angle of a flexspline within the given area [rad]; T; — torque the within given
area [Nm]; K; — torsional stiffness determined based on the product datasheet [Nm/rad].

Based on an analysis of the data provided in [1], a simplified method was proposed to
determine torsional stiffness of a flexspline. For this purpose, a harmonic drive flexspline was
divided into three characteristic parts (Fig. 4). The first one was the toothed ring of a flexspline
and a circular spline (marked 1 in Fig. 4), the second one was the smooth cylindrical part of the
flexspline (marked 2 in Fig. 4). The third one was the flexspline rear section, referred to as a crown
(marked 3 in Fig. 4). The torsional stiffness of the first and the third flexspline section, i.e. the
toothed ring of the flexspline and the circular spline as well as the rear flexspline part (crown),
was calculated by application of the finite element method. The middle flexspline part was
assumed to be a cylindrical shell of constant thickness used for the relations given in the literature
[21-22]. A comparison of changes in the torsional angle values depending on the torque value for
the datasheet method and the simplified method has been illustrated in Figs. 7 and 8.

4. Conclusions

Application of new structural materials in manufacturing of harmonic drive flexsplines may
significantly contribute to improving the mechanical and strength properties of these elements.
Manufacturing the flexsplines of composite materials enables considerable reduction of the
flexspline weight and increase of the fundamental natural frequency values (Figs. 5 and 6). As
regards flexsplines made of steel and composite materials, using a composite material based on
an epoxy resin matrix reinforced with glass or carbon fibres causes a decrease in the torsional
angle values (Figs. 7 and 8). In conclusion, using composite materials in flexsplines allows for
increasing their torsional stiffness.
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The problem encountered while manufacturing flexsplines of composite materials is in the
difficulties related to fabrication of the teeth of toothed rims that would have similar toothing
properties as the traditional involute teeth profiles. This problem may be solved by using
flexsplines made of steel and composite materials. A definite advantage of such a solution is that
the steel flexspline featuring indented rim teeth can be fabricated according to the traditional
technological process. Therefore, it seems definitely necessary to perform further experimental
tests and numerical analyses concerning application of composite materials in production of
harmonic drive flexsplines.
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