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Abstract
Harmonic drives are widely used in industry due to their high reduction ratio, light weight, and small
size. Accordingly, studies for predicting and developing harmonic drive performance have been actively
conducted [1]. However, since most of the existing studies are based on kinematics and statics, it has
difficulties in reflecting various nonlinearities caused by the elastic behavior and dynamic characteristics
of the harmonic drive. In this study, a flexible multi-body dynamics model was developed that includes
three main components of the harmonic drive, flexspline (FS), circular spline (CS), and wave generator
(WG), as well as bearings and shafts. Harmonic drive model includes a multi-contact analysis and
predicts the nonlinear stiffness of the harmonic drive.
1. Multibody dynamic modeling
It is important to develop an accurate contact analysis model because nonlinearity due to the dynamic
characteristics of the drive is caused by the contact of the main three parts. In addition, a reduced-order
modeling technique [3] is used to consider the stiffness that comes from the bearing and shaft. Each part
is developed as a finite element (FE) or reduced-order model as follows.

Figure 1: Integrated model and relation map.

Flex Spline : The most important part of FS modeling is describing the dynamic characteristics and the
change of internal energy due to the multiple contacts and the elastic deformation, respectively. For this,
FS is modeled by dividing it into two parts, a tooth part, and a flange part. The tooth part expresses the
dynamic characteristics caused by tooth contact and elastic deformation, and the flange part expresses the
torsion caused by an external load. To reduce the computational load the tooth part is modeled with 2D
FE, and the flange part is modeled by the component mode synthesis (CMS) order reduction technique.
Circular spline, Wave generator : To express the tooth deflection, only the tooth part of the CS is
considered. CS is also modeled using two-dimensional FE with the assumption that there is no variation
in the tooth shape in the axial direction. CS is constrained through a fixed joint in this model. The wave
generator is modeled as an elliptical two-dimensional rigid body. The stiffness of the bearing is described
through the bushing element and the elliptical cam only considers contact with the FS as a rigid body.
Bearing,Shaft : In addition to the three main parts, the deformation of bearings and shaft can affect the
stiffness of the harmonic drive. Therefore, the stiffness of the bearing and shaft is reflected through the
bushing element. The stiffness of each bearing and shaft is reduced to a stiffness matrix of 6 degrees of
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freedom through the CMS technique, and only the degrees of freedom in the two-dimensional plane are
reflected through the bushing element.
Integreated modeling : After modeling each part, an integrated model shown in Fig. 1 is constructed.
Through the pre-simulation process, the pre-stress acting on the FS is generated from the deformation of
FS due to the elliptical WG.
2. Result

Figure 2: Harmonic drive Torque-Torsion simulation result.

Table 1: Torque-Torsion simulation and reference comparison.
Parameter Reference Simulation Similarity

K1 (×104 Nm/rad) 3.1 2.90 93.55
K2 (×104 Nm/rad) 5.0 5.43 91.40
K3 (×104 Nm/rad) 5.7 6.26 90.18

θ1 (arcmin) 1.5 1.64 90.67
θ2 (arcmin) 3.8 3.79 99.74

To verify the accuracy of the developed dynamics model, the nonlinear stiffness of the harmonic drive
was predicted through torque-torsion simulation and compared with HDS’s catalog [2]. The nonlinear
stiffness of the harmonic drive is divided into three sections and the stiffness values are linearly approx-
imated in each section. As a result of comparing the stiffness and torsion with the catalog, the accuracy
is over 90 (%).
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