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Abstract: This paper theoretically introduced the feasibility of changing the vibration characteristics of flexible plates by using bio-inspired, extremely light, and powerful Pneumatic Artificial Muscle (PAM) actuators. Many structural plates or shells are typically flexible and show high vibration sensitivity. For this reason, this paper provides a way to achieve active vibration control for suppressing the oscillations of these structures to meet strict stability, safety, and comfort requirements. The dynamic behaviors of the designed plates are modeled by using the finite element (FE) method. As is known, the output force vs. contraction curve of PAM is nonlinear generally. In this present finite element model, the maximum forces provided by PAM in different air pressure are adopted as controlling forces for applying for the plate. The non-linearity between the output force and displacement of PAM is avoided in this study. The dynamic behaviors of plates with several independent groups of controlling forces are observed and studied. The results show that the natural frequencies of the plate can be varying and the max amplitude decreases significantly if the controlling forces are applied. The present work also demonstrates the potential of the PAM actuators as valid means for damping out the vibration of flexible systems.
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1  Introduction

The fiber-matrix composites [1–3] have been widely used for aircraft, automobile, and other applications due to their high strength/weight ratios, superior fatigue resistance, and flexibility compared to metal materials. Many structural composite plates [4] or shells are typically flexible and possess high vibration sensitivity. Many applications require that these flexible composite plates serve in a vibration condition. The effective vibration control [5] for suppressing the oscillations of these structures is a pronounced requirement of composite materials. Compared to traditional metallic materials such as steel since composites have a lower density in order to meet strict stability, safety, and comfort requirements. The finite element (FE) methods in structural dynamic analysis play an important role and have high relevance to both validate the theoretical models and guide the structural design for vibration control. Moreover, it can highlight and discover complicated behaviors of dynamic systems [6] and structures.

Generally, it is a valid way to reduce vibrations by introducing additional damping into the designed system, such as employing seismic isolation materials [7] and adding physical damping devices. This approach is named passive vibration control (or redesign) which is a greatly developed subject area for linear vibration control [8]. Passive vibration control is preferred in practice which can be built into the system and eliminates any issues with stability or robustness as there is no control element [8]. For this merit, in face of more and more requirements of lightweight and intelligence, passive vibration control becomes an ineffective choice in the process of product design. Then whereupon active vibration control [9] is necessary and desirable to meet the requirements of lightweight and intelligence for vibration disturbances since it does not require the increase of mass due to dampeners, stiffeners and absorbers. In this paper, pneumatic artificial muscle (PAM) was introduced into a designed system to achieve active vibration control. In recent decades, PAM has received much attention in the fields of bionics [10,11], medical care [12], morphing structures [13,14], and welfare, etc., due to its significant advantages of low cost, quick response time and high power/weight and power/volume ratios.

Belalia [15] investigated the vibration behaviors of functionally graded sandwich elliptic plates using a curved hierarchical finite element. In Belalia’s study, the motion equation of bi-FGM sandwich elliptic plate is obtained using Lagrange’s equation, converted from time domain to frequency domain by means of the harmonic balance method and solved iteratively using the linearized updated mode method. Belalia also compared the model results from his proposed model with those of the literature, there was a good agreement. Akhavan et al. [16] studied the natural frequencies and vibrational mode shapes of variable stiffness composite laminate (VSCL) plates with curvilinear fibers. They found the use of curvilinear fibers instead of the traditional straight fibers introduces a greater degree of flexibility, which can be used to adjust frequencies and mode shapes. Ribeiro et al. [17] also investigated and analyzed non-linear vibrations of variable stiffness composite laminated plates based on numerical experiments and a new p-version finite element with hierarchic basis functions, which follows first order shear deformation theory and considers geometrical non-linearity. In Ribeiro and Akhavan’s study, it can be found that the variation of the fiber orientation can lead to significant differences in the amplitudes of the non-linear response.

The phase-field method [18–20] for simulation was carried out to analyze the free vibration [21] and buckling behaviors [22] of crack received plates. The results of the free vibration of cracked plate showed that when the plate thickness increases, the crack length decreases and the inclined crack angle increases then the frequencies of the cracked plate increase. Dhanda et al. [23] focused on MEMS-based vibration measuring accelerometers, they found that the contact type vibration sensors have the unique advantage of being very small, low cost, low power, less weighing, and easily accommodatable in electronics. Xu et al. [24] established an accurate series solution for the longitudinal vibration analysis of an elastically coupled nanorods system, in which artificial springs are introduced to simulate such general coupling and boundary conditions. Hu [25] established a theoretical multi-degree-of-freedom (MDOF) model and proposed a novel method of vibration mitigation based on the vibration characteristics analysis of this system.

As previously mentioned, there have been many attempts by researchers in the pursuit of studying the vibration behaviors of flexible systems or using PAMs to solve engineering problems. All of these previous attempts by researchers motivate this present work and provide great constructive ideas in this present study process. The dynamic behaviors of plates are modeled by using the finite element (FE) method. In this present finite element model, the maximum forces provided by PAM in different air pressures are adopted as controlling forces for applying for the plate. The dynamic behaviors of plates with several independent groups of controlling forces are observed and studied. The present work demonstrates the potential of the PAM actuators as valid means for damping out the vibration of flexible systems.

2  The Analysis Model for the Flexible Plate Actuated by PAM

The length (L), width (w) and thickness (t) of the flexible composite plate were 672, 50, and 4 mm respectively in this study. As seen in Fig. 1, the simply supported plate can be actuated by two PAMs. One end of the PAM was connected with the support, and the other end of the PAM was connected to the plate by a rigid cylinder. Through this connection way, the active force provided by PAM can be transferred to the plate effectively. The designed height (H) of the installation position for PAM is 100 mm. The designed length of PAM (La) is 136 mm. In Fig. 1, the Cartesian coordinate system (i, j, k) was adopted for this analysis model which is consistent with the FE model.
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Figure 1: The model for flexible plates actuated by pneumatic artificial muscle

To simplify the plate modeling, a fiber-matrix laminated composite plate was employed in this study, which consists of sixteen fiber-matrix plies with the different fiber orientation. The thickness of each ply is 0.25 mm. Each ply possesses the same material property but is laminated as the different fiber orientation. As a matter of plane stress, the Young’s modulus (Ei, Ej) of each ply at i, j directions are 75 and 6.5 GPa, respectively. The Poisson’s ratio (μij) of each ply is 0.1. The shear elasticity modulus (Gij, Gjk, Gik) of each ply is 2.3 Gpa. The density (ρ) of each ply is 1.55 × 103 kg/m3.

As shown in the Fig. 2, the fiber-matrix laminated composite plate is consisted of four fiber-matrix laminates (I, II, III and IV), each of which contains four plies and possesses the same material property with the fiber orientations [0°, 45°, −45°, 90°].
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Figure 2: The fiber orientations of the fiber-matrix laminated composite plate

3  Modal Analysis of the Flexible Plate Actuated by PAM

3.1 The Pre-Stress Provided by PAMs Applied to the Flexible Plate

As seen in Fig. 1, both ends of PAMs were fixed, then the active forces can be generated when the PAMs were actuated. As the displayed connected way between the PAMs and the flexible plate, the bending moment derived from the actuated PAMs would occur in the cross section of the plate. Furthermore, the different pre-stresses can be applied to this flexible plate when the PAMs were actuated at different air pressure.

The active forces with the values of 0, 10, 20, 50, 100, 150, 200, 250 and 300 N, which are provided by PAMs, were considered respectively in this paper. 0 N represents the PAMs are not actuated, which is in the natural condition. The values of active forces are the sum of which the two settled PAMs provide. Under the active force 300 N’s stimulation, the value of the vonMises stresses that occurred in this flexible plate is 291.0 MPa in the linear elastic range of the material. Fig. 3 shows that the max vonMises stresses occurred nearby the hole which is the exact region of stress concentration. Most of the areas in the plates, the occurred vonMises stresses <120 MPa. Hence, the active force applied to the flexible plate gives permission that the flexible plate can serve within the linear elastic range of the material.
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Figure 3: The stress distribution in the flexible plate when 300 N active force provided by PAMs was applied

3.2 The FE Model for the Flexible Plate Actuated by PAM

The commercial finite element software HyperWorks (Version 2017, Altair Engineering, Inc., China) is adopted for analyzing the dynamic behaviors of flexible plates under the active force’s stimulating. The plate is meshed by only quads type with the property of P-SHELL and the total element numbers are 8632. The information of each composite ply is also set as mentioned in Section 2. Here the cylinder that was connected PAMs with the plate was regarded as a rigid body using the RBE2 mesh type. In this present model, one end of the PAM was connected with the support, and the other end of the PAM was connected with the plate by a rigid cylinder. The PAMs are constrained in all degrees of freedom under the compressed air stimulating, so the PAMs can provide the maximum generative force. The active force is applied directly to the connection of PAMs in this FE model because the PAMs show light weight and softness.

3.3 Modal Analysis of the Flexible Plate Actuated by PAM

The modal analysis from 1st to 7th order was analyzed and obtained with several independent groups of controlling forces stimulating. As seen in Figs. 4–7, the modes of vibration from 1st to 7th were illustrated without active forces stimulating and the natural frequencies from 1st to 7th order vs. a series of active force were obtained. The vibration shapes of this plate under active force’s stimulating were also obtained which is almost same as the results without the stimulating.
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Figure 4: The natural frequencies of 1st and 2nd order vs. a series of active force
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Figure 5: The natural frequencies of 3rd and 4th order vs. a series of active force
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Figure 6: The natural frequencies of 5th and 6th order vs. a series of active force
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Figure 7: The 7th natural frequencies vs. a series of active force

Fig. 4 shows that, both of the 1st and 2nd order natural frequencies increase nearly linearly with the growth of active forces. When the active force reaches to 300 N, the 1st order natural frequency increases to 112.64% under the un-actuated PAMs, and the 2nd order natural frequency increases to 107.58%. Figs. 5–7 shows that the natural frequencies from 3rd to 7th also increase nearly linearly as the active forces increase. When the active force reaches to 300 N, the 3rd order natural frequency increases to 104.32% under the un-actuated PAMs, the 4th order natural frequency increases to 101.49%, the 5th order natural frequency increases to 101.00%. For the 6th order natural frequency, it is a very small improvement vs. a series of active force, and the 7th order natural frequency increases to 101.15%.

It can be found that the 1st, 2nd and 3rd order natural frequencies of the plate can be varied effectively if the controlling forces are applied. For the 4th, 5th, 6th, and 7th order natural frequencies of the plate, there is an insignificant influence when the controlling forces are applied. Meanwhile the applied active forces affect the natural frequencies of the bending modes (the 1st, 2nd and 3rd order natural frequencies) more significantly than the in-plane mode (the 6th order natural frequency).

4  Direct Frequency Response Analysis of the Flexible Plate Actuated by PAM

A frequency-dependent dynamic load is applied at the centroid of the flexible plate in order to observe the frequency response of this plate when the PAMs are stimulated at different air pressure. The applied active forces with the values of 0, 10, 20, 50, 100, 150, 200, 250 and 300 N which are provided by PAMs, were considered respectively in this section. The frequency interval of the dynamic load is from 0 to 1000 Hz, and the frequency increment is 1 Hz. The dynamic load is set as a constant displacement stimulation of 20 mm in the whole frequency interval.

The direct frequency response curve at a series of the small active force (0, 10 and 20 N) is illustrated in Fig. 8. The direct frequency response results at a series of larger active force (50, 100, 150, 200, 250 and 300 N) are compared in Fig. 9. As seen in Figs. 8 and 9, the max amplitudes decrease as the active forces increase, and the frequencies where the max displacements occur increase with the growth of active forces. The small active forces have minor impact on both the amplitudes and the frequencies where the max displacements occur (Fig. 8). The active forces have relatively significant effect on both the amplitudes and the frequencies where the max displacements occur when ≥50 N (Fig. 9).
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Figure 8: The amplitude-frequency characteristic curve at a series of the low active force
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Figure 9: The amplitude-frequency characteristic curve at a series of the large active force

Figs. 10 and 11 show the max amplitudes and the frequencies where the max displacements occur vs. a series of active force at 3D and 2D Cartesian coordinate system, respectively. When the active force reaches to 150 N, the max amplitude decreases to 86.19% under the un-actuated PAMs, and the frequencies where the max displacements occur increases to 106.89%. When the active force reaches to 300 N, the max amplitude decreases to 76.18% under the un-actuated PAMs, and the frequencies where the max displacements occur increases to 112.79%. The results obtained demonstrate the potential of the PAM actuators as valid means for damping out the vibration of flexible systems.
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Figure 10: The max amplitudes and the frequencies where the max displacements occur vs. a series of active force at 3D Cartesian coordinate system
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Figure 11: The max amplitudes and the frequencies where the max displacements occur vs. a series of active force

5  Conclusion

In this paper, the pressurized PAMs that can provide the active forces are employed to stimulate a flexible composite plate to vary its vibration behaviors. Firstly, the active force provided by PAMs gives permission that the flexible plate can serve in the linear elastic range of the material. The modal analysis and direct frequency response analysis of the flexible plate actuated by PAM is investigated through FE method. The natural frequencies of the plate from 1st to 7th order increase linearly as the active forces increase. The 1st, 2nd, and 3rd order natural frequencies of the plate can be varied effectively if the controlling forces are applied. When the active force reaches to 300 N, the 1st order natural frequency increases to 112.64% under the un-actuated PAMs, and the 2nd order natural frequency grows to 107.58%. For the direct frequency response analysis, when the active force reaches 300 N, the max amplitude decreases to 76.18% under the un-actuated PAMs and the frequencies where the max displacements occur increase to 112.79%. The results obtained demonstrate the potential of the PAM actuators as valid means for damping out the vibration of flexible systems.
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