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Abstract. Shafts of various sizes are used in various fields of mechanical engineering,
automotive, marine and aerospace industries to transmit torque according to requirements. In this
paper, we simulate and analyse the modal and harmonic response of a shaft on which a satellite of a
planetary gearbox for an elbow orthosis is mounted. The orthoses are used during the rehabilitation
of patients in the postoperative period or during the regeneration of lost limb functions. Steel 45 and
PLA polylactide were used in the shaft modelling. The planctary gearbox shaft was analysed for
modal and harmonic characteristics at three different torque values, 1. €. 1732 N-mm, 3464 N-mm,
5196 N-mm, using ANSYS Workbench. The modal and harmonic analysis of the shaft stress-strain
state is calculated, completed comparative analysis, and the vibration characteristics are discussed:
shown natural frequencies, mode shapes, and harmonic response. Calculations for shaft durability
under a complex stress state were performed, and safety factors were calculated for shafts made of
steel 45 and PLA polylactide.

Key words: Gearbox; stress; deformation; vibration; frequency; fatigue; safety factor;
ANSYS.

Introduction

Gearboxes are widely used in a variety of mechanical engineering applications. Depending on
technical requirements and functions assigned to the mechanism, gearboxes can be different sizes, shapes
and weights. In traumatology, there are strict requirements for mechanisms that can be used to rehabilitate
patients. These include compactness, ease, reliability and safety for patients. One of these mechanisms is a
planetary gearbox, which has a number of advantages, such as compactness and reliability, as the gearbox
design consists of shafts and spur gears that have a high efficiency and gear ratios. Thus, the modernising
task such a gearbox is to fulfil the conditions of ease and safety for patients.

Problem Statement

Mechanical shafts fail during operation for a variety reasons, but one of the main causes is
destruction due to harmonic vibrations during operation. On the other hand, additive technologies, i.c.
products made on a 3D printer, have been increasingly used in recent years. The advantage of such models
is their cheapness, lightness and ease of manufacture, meaning that such parts can be created in difficult
conditions, such as military operations. However, one of the disadvantages of this material is its rather
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rapid destruction when materials are tired. Moreover, since these are polymeric materials, fracture can be
both: plastic collapse and brittle. Thus, it is necessary to consider the safety of using polymeric materials in
gearboxes under variable load.

This is a dynamic problem where natural frequencies of the mechanisms are controlled parameters,
1.e. when designing gearbox parts, it must be ensured that it operates without resonance.

Review of Modern Information Sources on the Subject of the Paper

In recent years, scientists have made progress in studying dynamic processes in mechanical systems.
The study results of the shaft stress-strain state (SSS) using the ANSYS software environment are
presented by the authors in [1-3]. In article [4], the authors demonstrate the shaft modelling using the
CATIA software environment, and results of static, dynamic analysis and fatigue calculations were taken
by ANSYS software environment.

In order to identify hazards, the authors of [5] analysed static behaviour studies of a pump shaft
model at design stage based on finite element method (FEM) under the influence of various types of load.
In [6, 7], free pump shaft transverse vibrations with a complex geometry were investigated using analytical
methods and numerical modelling. The modelling was created by taking into account stress concentrators.
The results of shaft dimensions optimising and strength calculations using FEM are reported in [8, 9].

Study of rotor systems dynamic characteristics and defects influence on shaft characteristics are
described by scientists in [10, 11, 12]. The authors of [13] calculated modal and harmonic analysis of a
cylindrical gear without defects and with defects using ANSYS software environment. A comparative
analysis of the results is presented.

To provide a reasonable explanation of the nature of vibration during planctary gearbox operation,
research paper [14] presents a methodology for modelling its vibration signal. In [15], the authors propose
method for modelling planetary gear residual stress field. Based on this modelling, a planetary gear finite-
element model was constructed, dynamic meshing process was simulated, and effect of residual stresses
was investigated.

The mechanical behaviour study of a spur gear for different materials, and fatigue life assessment,
together with an understanding stresses behaviour at gear radii, is given by the authors in [16]. Therefore,
dynamic characteristics study and high-speed clements stress-strain state determination of mechanical
structures is an actual task.

In [17], the authors highlighted PLA polylactide mechanical characteristics, applications, and
material advantages. In turn, the authors of [18] demonstrate research on determining ABS and PLA
strength and elastic modulus as printed materials. The authors found that printed parts mechanical
properties depend on printing parameters, and determined optimal printing parameters for required
mechanical properties.

The authors in [19] demonstrate mechanical and geometric properties of 3-D printed composite parts
carbon fibres. Tensile, bending, and interlayer shear strength tests were conducted by the authors to obtain
the tested samples mechanical characteristics.

Objectives and problems of research

In developing a reliable structure, it is necessary to more accurately determine its SSS and study its
dynamic characteristics. Since full-scale tests are quite expensive, using numerical modelling software
products is an urgent task.

This paper purpose is study real shaft structure of planetary gearbox dynamic characteristics for an
elbow orthosis to determine shaft natural frequencies, modes, and safety factor made of steel and PLA.

Since shafts operate at high rotational speeds during operation, the natural frequencies calculations
and their analysis is important to determine resonant frequencies that lead decrease in functionality.

Main material presentation

The design scheme of the gearbox satellite shaft with its main dimensions is shown in Fig. 1, a.
During its operation, a moment in an opposite clockwise direction is mounted, occurs on the shaft on
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Modal response of the PLA, PLA 45 shaft. Similar calculations to determine the natural frequencies
and vibration forms were for a planctary gearbox shaft made of plastic: PLA and PLA 45. The results of
the simulation are shown in Table 6.

Table 6
Eigenfrequencies and corresponding maximum displacement for PLA shaft
No. Frequency, Hz Modal deformation, mm Type of deformation
1 32177 0.097016 Bending form (1 wave)
2 32178 0.097018 Duplicate bending form (1 wave)
3 35566 0.091973 Torsional form (1 wave)
4 56907 0.06578 Longitudinal form
5 63735 0.1062 Bending form (2 wave)
6 63737 0.10621 Bending form (2 wave)
7 69268 0.10116 Torsional form (2 wave)
8 77892 0.76658 Not applicable to the main shaft
9 78062 0.72668 Not applicable to the main shaft
10 79420 0.65772 Not applicable to the main shaft

The natural vibration modes obtained as a result of the modal analysis are shown in Fig. 6, and the
corresponding natural frequencies are also given.

The natural frequencies results for Steel 45 and PLA, PLA 45 (Fig. 7) and modal deformation for
Steel 45 and PLA, PLA 45 (Fig. 8) during the simulation are presented in the form of histograms
depending on their modal modes, respectively.

Harmonic response of the steel 45 shaft. The harmonic analysis for the planctary gearbox satellite
shaft of the elbow orthosis made with steel 45 is calculated when torques of 1732 N-mm, 3464 N-mm,
5196 N-mm (100 %, 200 %, 300 %) arc applied. The resulting graphical distribution of deformation for a
frequency 250 kHz along the shaft structure, taking into account the corresponding torques, is shown in
Fig. 9, Fig. 12, and Fig. 15. Harmonic analysis is necessary to determine the frequency and phase response
of the satellite shaft in operating frequency range, which is solved by modal analysis and for the current
study, the operating frequency range varies from 0 to 250,000 Hz. In the plot of amplitude (mm) versus
frequency (Hz), it is found that a deformation decrease in the frequency range from 50,000 Hz and a
sudden increase is observed in the frequency range of 10.000 Hz and 11.500 Hz, followed by a
deformation drop and a gradual decrease. The maximum deformation (0.000016 mm) is taken in the X-
direction and the minimum deformation is taken in the Z-direction (Fig. 10).

Then, the graph of stress amplitude (Pa) versus frequency (Hz) shows that the maximum stress
(10544 Pa) is taken in the X direction (Fig. 11). The identical dependence of deformation amplitude (mm)
and stress (Pa) on frequency (Hz) is taken in the planctary gearbox shaft of the elbow orthosis harmonic
analysis simulation at torque of 3464 N-mm (Fig. 13, Fig. 14) and 5196 N-mm (Fig. 16, Fig. 17) due to
their linear loads, respectively.

The presented deformation amplitude graphs and normal stresses make it possible to determine the
maximum values in each direction.

Harmonic response of the PLA, PLA 45 shaft. The harmonic analysis for the planetary gearbox
satellite shaft of the elbow orthosis made with PLA polylactide is calculated as for the steel shaft. The
calculation results are shown in Fig. 18-20 for an applied torque 1732 N-mm, in Fig. 21-23 for a torque
3464 N-mm, and in Fig. 24-26 for a torque 5196 N-mm. The figures show that the maximum displacement
amplitudes are up to 0.016 mm, and the maximum stresses are up to 40 kPa along the Z-axis. Since the
obtained deformation and stresses results are insignificant, it is advisable to make further calculations for
fatigue strength.
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