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Design criterion and finite element analysis of pure cubic system

The purpose of this abstract is to report a novel design of pure cubic stiffness system and general methodology to parameterize variable pitch spring. The performance of the improved design will be tested by finite element analysis (FEA).

In the studies of machining accuracies, devices that work under complex load conditions, and comfort, to name a few, vibration mitigation, is an inevitable issue. The traditional vibration absorber can be divided into three types: passive, active, and semiactive. Among these, the passive absorber Nonlinear Energy Sink (NES) attracts researcher's attention because of its lighter attachment and performance in a broader band of frequency.

This type absorber is characterized by a damped linear oscillator coupled to an essentially nonlinear attachment. When the NES meets certain conditions, such as proper mass ratio, nonlinear stiffness, and external excitation, it can be activated [START_REF] Starosvetsky | Bifurcations of attractors in forced system with nonlinear energy sink: the effect of mass asymmetry[END_REF]. There exists regimes of the quasi-periodic response and leads to a passive irreversible transfer of primary structural energy (referred as energy pumping) towards secondary highly coupled mass via a nonlinear element [START_REF] Bellet | Experimental study of targeted energy transfer from an acoustic system to a nonlinear membrane absorber[END_REF].

The mastery of nonlinearity is a key issue to obtain the optimal vibration absorption performance. To obtain an optimally strong nonlinearity, a generalized methodology for designing a novel Nonlinear Energy Sink was established [START_REF] Qiu | Variable pitch spring for nonlinear energy sink: Application to passive vibration control[END_REF].

Firstly, a designed parameterization of variable pitch spring is implemented. Accordingly, the objective nonlinear Force-displacement function was divided into sections, whose stiffness were considered to be constant. The core of generating a variable pitch spring is adjusting its variable active coils during the compression. A symmetrical design method is applied to overcome the inaccuracy in the end of curve fitting.

Secondly, it is very challenging to produce a purely cubic stiffness by using variable pitch spring directly i.e., without a linear part (Figure 1). In order to overcome this shortcoming, two important steps were implemented: 1) a method of axial combination of two variable pitch springs and pre-compression at transition point was proposed. This produced the force polynomial component with only linear terms and cubic terms. 2) With the help of a negative stiffness mechanism that was designed with an axial coincidence having two cylindrical springs whose direction of movement is perpendicular to their axis. This mechanism can counterbalance the linear term and obtain the pure cubical stiffness. A finite element model of variable pitch spring was built by optimizing the geometry, adjusting and refining the mesh type, resetting the boundary conditions to carry out simulations (Figure 2). These parameters of simulations were adjusted to closely match the theoretical results. The current simulation results show that Abaqus can effectively simulate the compression characteristics of variable pitch springs (Figure 3) In the future, the following steps will be carried out: 1) Complete analysis of the whole system. Study the error between model predictions and experiments.

2) Study the dynamic behaviour of models in Abaqus, and investigate the possibility to simulate the phenomena of energy pumping.

After verifying the effectiveness of finite element models, we will develop an optimized NES system by experimentation with the aim towards industrial applications.
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 1 Figure 1: Detailed realization of NES system.
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 2 Figure 2: 3D model of variable pitch spring Figure 3: Comparison of theory and simulation