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Abstract

:

Compliant bistable mechanisms with planar configurations demonstrate two in-plane stable states through the nonlinear deformations of in-plane flexible segments, which are widely used in the field of shock sensors and threshold sensors. In these mechanisms, consistent dynamic and static bistable behaviors are difficult to maintain under the influence of an out-of-plane load. This is limited in some applications where precise displacement is required. To this end, we developed a bistable mechanism with circular beams instead of conventional straight beams, such that enhanced robustness against external loads in the out-of-plane region is obtained. An analytical kinetostatic model is established to predict the bistable behavior of the proposed mechanism, which is further verified using finite element simulations and experimental results. Compared with the prototype of the straight-beam-based bistable mechanism, the developed circular-beam bistable mechanism demonstrates improved pitch stiffness along the out-of-plane rotation and robustness against off-axis load conditions. The proposed bistable mechanism design can be extended to applications of sensors subjected to out-of-plane loads.
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1. Introduction


1.1. Background


Compliant mechanisms realize their function through the elastic deformation of their structure [1]. Although compliant mechanisms have a limited range of elastic deformation, they are used in various important applications due to their simplicity, passive holding, low actuation energy, small footprint, large stroke with small restoring forces, and negative stiffness zone [2].



The compliant bistable mechanism is a mechanical structure that maintains two different stable states without requiring an external energy input. There is a deflection range between the two different stable states, which is also the motion displacement of the compliant bistable mechanism. This mechanism is promising for applications in systems that require two operating states, such as switches [3], grippers [4,5], energy harvesters [6,7], soft actuators [8], and metamaterials [9]. Various types of compliant bistable mechanisms are available, such as the compliant four-link bistable mechanism [10,11], compliant tensural–compresural bistable mechanism [12], Young bistable mechanism [13], and bistable mechanism using curved-beam plates [14]. However, they are generally designed to transform between the two steady states in a plane. Therefore, out-of-plane deflection is rarely considered in the design. When off-axis or eccentric loads are present, the out-of-plane motion of the shuttle results in the bistable behavior of the mechanism [15]. For example, when utilized for shock sensors and threshold gyroscopes [16,17], the bistable mechanisms must maintain consistent bistable behavior while in motion to maintain sensing accuracy.




1.2. Motivation


The shape of the bistable beams can be obtained by initial bucking or by pre-shaping during fabrication (Figure 1), resulting in bistable mechanisms with different shapes and specific characteristics, thereby expanding the possibilities to study bistable mechanisms. The flexible beams are mainly subjected to in-plane bending deformation deflections (often accompanied by axial deflections) [18]. Thus, out-of-plane deflections are rarely considered during design. In practice, however, compliant bistable mechanisms need to maintain consistent kinematic–static behavior when switching between two stable equilibrium positions [19]. When the compliant bistable mechanism is subjected to an out-of-plane load, as illustrated in Figure 2, its kinematic–static behavior will be significantly affected [15], resulting in motion inconsistency of the bistable mechanism. These changes will affect the behavior prediction of the entire mechanism. For the traditional straight-beam bistable mechanism (SBBM), when subjected to out-of-plane load, the shuttle will produce out-of-plane deflection, which will affect the motion consistency of the bistable mechanism, thus reducing the accuracy of the sensor. Therefore, improving the ability of a bistable mechanism to resist out-of-plane deformation has become a research focus.



Inspired by the bistable buckled straight-beam mechanism, we select a circular beam instead of a straight beam to obtain a high-performance bistable mechanism. The shape of the bistable circular beams can be pre-shaped during fabrication. Thus, circular beam can provide advantages during beam buckling compared with the conventional straight beam. Given the increased length between the same endpoints, the circular beam shows a more even distribution of stress, greater flexibility during deformation, and higher bistable performance [20].




1.3. Contributions


In this work, we introduce a fully compliant bistable mechanism based on circular beams to restrain torsional deflections while retaining bending deflections. Using this design ensures higher resistance to the out-of-plane deformation of a shuttle, even when the bistable model is subjected to centrifugal loading, thus guaranteeing a consistent kinetostatic behavior of the bistable mechanism. Compared with the SBBM, the circular-beam bistable mechanism (CBBM) can reduce the inhomogeneity of the stress and deformation and improve the torsional stiffness owing to its increased length and curvature, thereby allowing it to better withstand out-of-plane deformation considering that altering the mechanism kinematics may lead to inconsistent bistable behavior. In some applications where anti-centrifugal force is required, the proposed CBBM can significantly reduce the effect of centrifugal force, thus maintaining the consistency of the bistable mechanism.



The rest of this paper is organized as follows. Section 2 presents the principles and design of the proposed CBBM. Section 3 details a derived dynamic model applicable for the CBBM. Section 4 demonstrates the accuracy of the proposed dynamic model through finite element analysis and shows that the CBBM has a higher resistance to out-of-plane deformations than a conventional mechanism. Section 5 reports various characteristics of the proposed mechanism through experiments, includinghe effect of changing the geometric dimensions on the pitch stiffness. Finally, we draw conclusions in Section 6.





2. CBBM Design


Owing to the complex coupling effects among different bistable mechanical properties, it is difficult to modify a specific bistable characteristic without affecting others by just modifying the structure parameters, given a fixed bistable configuration and boundary constraints [21]. Therefore, to improve the pitch stiffness of a bistable mechanism, changes in the other characteristics of the bistable mechanism should be prevented. This improvement can be achieved by reducing the deflection of the shuttle when it is subjected to an off-axis force [22]. Increasing the thickness of the flexible beam increases its twist resistance but affects its nonlinear deformation [23]. In addition, the overall structure becomes larger, which undermines the applicability of flexible bistable mechanisms when a low driving energy and small footprint are required [24].



As the thickness of the flexible beam gradually increases, a negative stiffness interval appears, but the force direction does not change. Consequently, no bistable behavior occurs and the mechanism cannot reach the second stable position [25]. In addition, increasing the in-plane area of the bistable flexible beam by simply increasing its thickness adversely affects the performance of the bistable mechanism. Alternatively, the out-of-plane bending resistance of the flexible bistable mechanism can be improved by changing the shape of the flexible beam.



We use circular beams instead of straight beams with the same endpoints to increase the in-plane area of the flexible segment and thereby enhance the pitch stiffness. The proposed CBBM is symmetrical about the center and each side consists of three parts, namely, compliant beams at both ends and a rigid beam in the middle, which have the same circle center, where the compliant beams, as well as the steady-state beam, are parts of the circular beam (Figure 3). This design can enhance the stability of a single flexible limb and improve the resistance of the bistable mechanism to out-of-plane deformation. The size of the CBBM is determined by the diameter D of the circular beam and central angle    θ i     ( i =  1 , 2 , 3 )     of each circular beam. In addition, the chord length of the arc    L i     ( i = 1 , 2 , 3 )    of the beam determines the size of the bistable branch and    T i     i = 1 , 2 , 3    is the thickness of the beam.




3. Kinetostatic Model


Considering that the fully compliant bistable mechanism is symmetrically distributed, we only need to analyze one side of the model. One fixed-guided limb of the circular beam bistable mechanism is composed of two flexible circular beams and one rigid circular beam. The major geometric parameters are also shown in Figure 3. The beam constraint model (BCM) can be used to predict the force–displacement relationship of the flexible beams, thereby modeling the nonlinear behavior of flexible beams simply and accurately [26]. Accordingly, we use the chain BCM (CBCM) to model the circular bistable flexible beam. The CBCM discretizes the flexible beam into multiple flexible elements and models each element separately using the BCM. The CBCM can be discretized to eliminate some restrictions of the BCM on the curvature and tangential forces when modeling curved beams [27].



3.1. CBCM for Circular Beams


When applying the CBCM to circular beams, the BCM of the circular beams should be first analyzed, as shown in Figure 4. The radius of the curved beam is R and the end of the curved beam is subjected to horizontal force   P  i j   , vertical force   F  i j   , and counterclockwise moment   M  i j   , resulting in tangential and radial deflections   Λ  i j    and   Δ  i j   , respectively, and end slope   α  i j   . The geometric parameters of the curved beam include length L along the   X  i j    axis, in-plane thickness   T i  , out-of-plane thickness W, and Young modulus E of the material. In addition,    I  i j   = W  T  i  3  / 12   represents the area moment of inertia of the beam cross-section. The dimensionless curvature is defined as


  k = ±  1  R / L    



(1)







The sign of k indicates the rotation direction of the unit tangent vector according to the parameter along the curve. If the unit tangent rotates counterclockwise,   k > 0  ; if it rotates clockwise,   k < 0  . For the flexible circular beam   L i   (  i = 1 , 2  ), the curvature is constant and the CBCM can be used for equal discretization, as shown in Figure 5.



After discretization, we use the BCM to describe each element independently. In thelocal coordinate system    O  i j    X  i j    Y  i j     for element j of flexible beam i,    F  i j   ,   P  i j    , and   M  i j    are the radial, tangential, and moment forces at the ends of the element, respectively, and     Λ  i j   ,  Δ  i j    , and   α  i j    are the corresponding tangential and radial deflections and end slope, respectively, as shown in Figure 6. All the parameters are normalized as follows:


     m  i j      =    M  i j    L  i j     E I         p  i j       =    P  i j    L  i j  2    E I       f  i j      =    F  i j    L  i j  2    E I         δ  i j      =   Δ  i j    L  i j        λ  i j      =   Λ  i j    L  i j        t  i j      =   T  i j    L  i j        



(2)




where all the load and deflection parameters (  m  i j   ,   p  i j   ,   f  i j   ,   δ  i j   ,   λ  i j   , and   t  i j   ) are normalized with respect to the beam parameters. The variables   δ  i j   ,   λ  i j   , and   t  i j    are the nondimensionalized radial deflection, tangential deflection, and thickness of the element i.



Referring to [27], we have the following relationships according to the BCM for a circular beam:


         f  i j        m  i j          =     12    − 6       − 6    4          δ  i j        α  i j       +  p  i j        k / 2       k / 12               +  p  i j        6 / 5     − 1 / 10       − 1 / 10     2 / 15           δ  i j        α  i j                +  p  i j  2       − 1 / 700     1 / 1400       1 / 1400     − 11 / 6300           δ  i j        α  i j           



(3)






     λ  i j      =    t  i j  2   p  i j    12  −  k 2   δ  i j   −  k 12   α  i j   +  p  i j    k 360   α  i j   +  p  i j     k 2  720           −  1 2       δ  i j      α  i j            6 / 5     − 1 / 10       − 1 / 10     2 / 15           δ i       α i               −  p  i j        δ  i j      α  i j            − 1 / 700     1 / 1400       1 / 1400     − 11 / 6300           δ  i j        α  i j           



(4)







The end of the beam is balanced with the load of the first element:


   p  i 1   =  p  i 0   ,   f  i 1   =  f  i 0    



(5)







The static equilibrium between elements is provided by


       cos  θ  i j       sin  θ  i j      0      − sin  θ  i j       cos  θ  i j      0      ( 1 +  λ  i j   )     − ( 0.5 k +  δ  i j   )    1          f  i j        p  i j        m  i j       =      f  i 1        p  i 1        m  i j − 1        



(6)




and the torque balance can be expressed as


   m  i N   =  m  i 0    



(7)







The geometric constraints are expressed as


        ∑  j = 1  N     [  ( 1 +  λ  i j   )  cos  θ  i j   −  ( 0.5 k +  δ  i j   )  sin  θ  i j   ]  =  x 0           ∑  j = 1  N     [  ( 1 +  λ  i j   )  sin  θ  i j   +  ( 0.5 k +  δ  i j   )  cos  θ  i j   ]  =  y 0          β  i N   +   ∑  j = 1  N     α  i j   =  θ  i 0         



(8)




and


   θ  i 1   = 0 ,   θ  i j   =  β  i j   +  ∑  k = 1   j − 1    α k    ( i = 2 , 3 , . . . , N )   



(9)




where   β  i j    is the slope of the   i j th   element of the circular beam and   θ  i 1    is the rotation angle of the coordinate system of the   i j th   element relative to the global coordinate system.



The force–deformation relationship of a single flexible segment can be obtained from Equations (1)–(9).




3.2. CBCM of Three-Stage CBBM


As shown in Figure 7, the local coordinate system    O 1   X 1   Y 1    is defined at the fixed end,   O 1  , of the first flexible beam, and the local coordinate system    O 2   X 2   Y 2    is defined at the fixed end of the second flexible beam.   L 1   and   L 2   represent the lengths of the two flexible beams along directions   X 1   and   X 2   in the local coordinate systems    O 1   X 1   Y 1    and    O 2   X 2   Y 2   , respectively. As the deformation of the rigid beam is much smaller than that of the flexible beam, length   L 3   of the rigid beam can be expressed as the length of the line connecting points A and B.   τ 1   and   τ 2   represent the angles between local coordinate systems    O 1   X 1   Y 1    and    O 2   X 2   Y 2    and natural coordinate system   O X Y  , respectively, and   τ 3   represents the angle between the line connecting points A and B and the X axis in the natural coordinate system. Owing to the geometric nonlinear deformation of the internal flexible beam of the bistable mechanism during motion, modeling is complicated. We adopt the CBCM to describe the flexible bistable mechanism. The CBCM discretizes the initial circular beam into N elements, which are separately modeled using the BCM. Through discretization, the CBCM eliminates the limitation of the BCM for describing curved beams.



Figure 8 shows the free body diagram of the bistable limbs of the proposed CBBM with load balance to the intermediate rigid segment.



When the displacement of the intermediate shuttle is d, the deflection geometry of flexible circular beam i  ( i = 1 , 2 )   is provided by [28]:


     α i     =  ∑  j = 1  N   α  i j         λ i      =  ∑  j = 1  N   λ  i j        δ i  =  ∑  j = 1  N   δ  i j         F i     =  ∑  j = 1  N   F  i j       P i     =  ∑  j = 1  N   P  i j       



(10)






   α 1  =  α 2  =  α 3   



(11)







In addition,


      [  P 1  cos  τ 1  −  F 1  sin  τ 1  ]  +  [  P 2  cos  ( π +  τ 2  )  −  F 2  sin  ( π +  τ 2  )  ]  = 0     



(12)






      [  P 1  sin  τ 1  +  F 1  cos  τ 1  ]  +  [  P 2  sin  ( π +  τ 2  )  +  F 2  cos  ( π +  τ 2  )  ]  = 0     



(13)






      M 1  +  M 2  −  F 1   L 3  cos  (  τ 3  −  τ 1  +  α 3  )  +  P 1   L 3  sin  (  τ 3  −  τ 1  +  α 3  )  = 0     



(14)







The geometric relationship when the shuttle displacement is d is expressed as


         L X        L Y  − d         =      cos  τ 1      − sin  τ 1        sin  τ 1      cos  τ 1             L 1  +  λ 1        δ 1               +  L 3       cos (  α 3  +  τ 3  )       sin (  α 3  +  τ 3  )               −      − cos  τ 2      sin  τ 2        − sin  τ 2      − cos  τ 2             L 2  +  λ 2        δ 2          



(15)







The load balance for the second flexible beam column can be obtained as follows:


   F i  =  P 2  sin  ( π +  τ 2  )  +  F 2  cos  ( π +  τ 2  )   



(16)






   F t  =  N t   F i   



(17)




where   F t   is the input force required to displace the mechanism and   N t   is the number of fixed limbs bistabiles. The CBBM force–deformation relationship provided by the CBCM can be obtained from Equations (9)–(17). The relationship between   F t   and d was solved by using the ‘fsolve’ function in MathWorks MATLAB.





4. Finite Element Simulations


To verify the correctness of modeling, we used the finite element software ANSYS Workbench to simulate the proposed CBBM. To ensure comparability among the three models, the default size of the mesh was used. To demonstrate that the pitch stiffness of the CBBM increases, we considered two SBBMs. Based on the proposed CBBM, two compliant SBBMs were established for comparisons. The SBBMs adopted a three-stage design with the structure shown in Figure 9. The bistable fixed limb arms of the SBBM and CBBM had the same end points. SBBM1 and SBBM2 replace a bistable circular beam limb of the CBBM (including two flexible segments and one rigid segment) with a straight beam of the same thickness. The two flexible segments and one rigid segment of SBBM1 have the same horizontal angle. The bistable beam of SBBM1 represents the chord length of the circular bistable beam of CBBM, as shown in Figure 9a. The horizontal angle of the flexible section of SBBM2 is different from that of the rigid section and the three-section bistable beam of SBBM2 corresponds to the chord length of the three-section bistable beam of the CBBM, as shown in Figure 9b.



The three designs were analyzed and compared using finite element simulations to demonstrate the enhanced pitch stiffness of the CBBM and modeling accuracy. Table 1 lists the geometric parameters of the three evaluated designs.



4.1. Simulation Results


In the finite element analysis, the mesh was automatically divided, the mesh size was set at 2 mm, and the material of the mechanism was PA12 nylon with a Young’s modulus of   7.6 ×  10 8    Pa. The static structural module of Workbench was used for the analysis. After the mesh division was set and the flexible large deformation switch was opened, the two ends of the bistable mechanism were fixed constraints and the middle shuttle of the bistable mechanism was shifted by 0–10.5 mm in the form of a displacement increment. The finite element deformation nephograms of CBBM, SBBM1, and SBBM2 were then obtained, as shown in Figure 10a, Figure 10b, and Figure 10c, respectively. The reaction force of the shuttle in the process of displacement was calculated using the ’Force Reaction’ function. The specific force–displacement curve is shown in Figure 10d. The tilt angle of the bistable beam of SBBM1 is large and its critical force when deflecting is higher than that of CBBM and SBBM2. However, the second steady-state position of the three bistable mechanisms is similar (d with the maximum error is 4.4%). When we compare the pitch stiffness of the three bistable mechanisms, the other bistable properties of the bistable mechanisms are similar, including their motion tendency to the second stable position and the displacements all being close. When applied to some sensors, the three bistable mechanisms have certain interchangeability, which provides us with the possibility to compare the pitch stiffness of the three bistable mechanisms.




4.2. Finite Element Simulation for Pitch Stiffness


In another finite element simulation, since the deformation process of a bistable mechanism is an instantaneous behavior under the same boundary conditions, we applied the 50 N·mm of torque at different displacement positions of the shuttle using the CBBM model to obtain the corresponding pitch stiffness, which allows us to observe the variation trend of the pitch stiffness of the bistable mechanism in the process of motion; a finite element model can be used to better express the results. The results are shown in Figure 11.



The pitch stiffness of the CBBM gradually decreases with increasing bistable displacement. Its pitch stiffness slightly improves when the bistable mechanism is close to the second stable position. Compared with the initial position, a 31% reduction in pitch stiffness occurs at the second stable position. When the mechanism moves, the bistable limbs buckle and deform and the beam state becomes unstable. Consequently, the beam exhibits low pitch stiffness. In the second steady state, the buckling deformation of the bistable beam reaches an equilibrium position and the pitching stiffness is improved. To prove that the CBBM is superior to SBBMs 1 and 2 regarding their resistance to out-of-plane deformation, we performed finite element simulations to calculate the pitch stiffness of the three bistable mechanisms at different displacements and obtained the results shown in Figure 12.



The pitch stiffness of the CBBM is 698.3 (N · mm)/Rad and that of SBBMs 1 and 2 is 607 and 634.2 (N · mm)/Rad, respectively. The pitch stiffness of the CBBM increases by 15.0% and 10.1% compared with that of SBBMs 1 and 2, respectively. At the second stable position, the pitch stiffness of the CBBM is 481.1 (N · mm)/Rad, while that of SBBM 1 is 363 (N · mm)/Rad, and that of SBBM 2 is 426.3 (N · mm)/Rad. Thus, the pitch stiffness of the CBBM increases by 32.5% and 12.8% compared with that of SBBMs 1 and 2, respectively.





5. Experiments


5.1. Force–Displacement Relationship


Three prototypes (CBBM and SBBMs 1 and 2) were fabricated using 3D printing based on selective laser sinteringwith HP PA12 nylon with a Young’s modulus of   7.6 ×  10 8    Pa, obtaining the samples shown in Figure 13. The experimental setup established to measure the second stable position of the bistable mechanisms and validate the proposed CBCM is shown in Figure 14. A dynamometer was installed on a uniaxial displacement platform and the displacement data of the platform were read through a digital dial indicator (Mitutoyo 543-390B). We obtained the force–displacement relationship of the flexible bistable mechanism shown in Figure 15.



Figure 15 compares the CBBM force−displacement curves predicted by the CBCM and finite element model with the measured curves. The second stable positions of the circular beam expressed by the force−displacement curves obtained from the experiment, model (with the maximum error less than 5%), and simulation suitably agree, indicating the correctness of the derived model. It can be seen that both the kinetostatic model and the finite element model successfully observed the bistable behaviors of CBBM and produced reasonable predictions for the second steady-state positions.




5.2. Anti−Torsion Test


To further verify the effectiveness of the compliant CBBM to enhance the pitch stiffness, forces of equal magnitude and opposite directions were applied to the shuttles of CBBM and SBBMs 1 and 2 and a rotational moment was applied to the intermediate shuttle (Figure 16). A laser displacement sensor (KEYENCE LK−H020) was used to measure the rotation of the shuttle body. For each bistable mechanism, the displacement was measured at different stable positions and under the action of no moment. The average values under different moments were then measured to obtain the pitch stiffness.



As shown in Figure 17, during the experiment, the deflection radians of different bistable mechanisms at different steady-state positions were obtained by applying different amounts of torque. The value of the cotangent of the lines was the pitch stiffness of the bistable mechanisms at this position. By comparing different lines, we can see that the pitch stiffness of the CBBM is greater than that of the SBBMs at different steady-state positions.



Table 2 lists the simulation and experimental results. The experimental results show that the pitch stiffness of the CBBM at different stable positions is higher than that of the SBBMs. Compared with SBBM1, the pitch stiffness of the CBBM increases by 19.8% at the initial position and 28.2% at the second position. Compared with SBBM2, the pitch stiffness of the CBBM increases by 15.2% at the initial position and 11.5% at the second position. The error of the finite element and experimental results of CBBM is 6.6% at the initial position and 1.8% at the second position. The error of the finite element and experimental results of SBBM1 is 2.3% at the initial position and the error in the second position is 4.8%. The error of the finite element and experimental results of SBBM2 is 1.8% in the initial position and 2.9% in the second position, mainly because of dimension errors during fabrication. Thus, the out-of-plane deformation resistance of the CBBM is higher than that of the SBBM.




5.3. Discussion


To analyze the sensitivity of the CBBM pitch stiffness to various parameters, we changed diameter D of the circular beam and central angle  θ  of the flexible segment by fixing one parameter while varying the other. The sensitivity of the CBBM to the varied parameter was analyzed using finite element simulations.



As shown in Figure 18, the pitch stiffness increases with the decreasing diameter. When we keep the total central angle of the bistable limb fixed (i.e., length of the bistable limb does not change), a change in the length of the flexible beam for equal lengths of the two flexible beams decreases the CBBM pitch stiffness with a lengthening flexible segment. For a fixed central angle of the flexible beam, when the diameter of the circular beam gradually changes from 204 to 194 mm, the pitch stiffness increased by 13.5%. For a fixed diameter of the circular beam, when the central angle of the flexible beam gradually changes from 4 to 9   ∘  , the pitch stiffness decreases by 52%.



When the central angle of the circular beam of the bistable beam remains unchanged, the central angle of the rigid beam increases if the central angle of the flexible circular beam decreases. In other words, the length of the flexible circular beam decreases, while the length of the rigid circular beam increases. The in-plane area of the rigid circular beam is larger than that of the flexible circular beam. Therefore, reducing the central angle of the flexible circular beam increases the in-plane area of the bistable mechanism of the circular beam. This increases the ability of the CBBM to resist out-of-plane loads and increases the pitch stiffness of the CBBM. Similarly, reducing the radius of the CBBM reduces the length of the flexible beam. The shift of the CBBM mainly depends on the nonlinear deformation of the flexible beam. As the length of the flexible beam decreases, the load required for deformation increases, which increases the deformation resistance of the circular beam.



According to the experimental results and finite element simulations, the CBBM exhibits a significant improvement in increasing the pitch stiffness. In some application scenarios where the bistable mechanism is required to be used as a sensor, the actual force received by the sensor cannot be guaranteed to be perpendicular to the plane where the bistable mechanism is located and there must be some off-axis load. When the impact of an off-axis load occurs, the CBBM allows for better motion consistency without compromising the senso accuracy.





6. Conclusions


To improve the out-of-plane bending resistance of a compliant bistable mechanism and elicit consistent bistable behavior, we developed a fully compliant CBBM and derived a theoretical model based on the CBCM. By establishing the experimental comparison of the pitch stiffness of SBBMs 1 and 2 and the CBBM, we can obtain the mechanical properties of the proposed CBBM and the effectiveness of resisting unnecessary loads and deformations. Compared with SBBM1, the pitch stiffness of the CBBM was increased by 19.8% and 28.2% in the initial and second positions, respectively. Compared with SBBM2, the pitch stiffness of the CBBM was increased by 15.2% and 11.5% in the initial and second positions, respectively. The error between the experimental and simulation results is 6.6%. Along this research line, we will investigate the applications of the developed CBBM in energy harvesting and mechanical metamaterials as future work.



In addition, from the above analysis, we can draw the following conclusions:



1. It can be seen that both the kinetostatic and finite element models successfully observe the bistable behaviors of the CBBM and produce reasonable predictions for the second steady-state positions (with a maximum error less than 5%).



2. The experimental results show that, compared with the two SBBMs, the pitch stiffness of the CBBM increases, and the kinetostatic behaviors of the CBBM are more robust against off-axis or eccentric loads. The pitch stiffness of the CBBM increases with a decrease in the diameter and decreases with an increase of the central angle in the flexible circular beam.
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Figure 1. Fully compliant bistable mechanism. 
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Figure 2. (a) Compliant bistable mechanism deflection unaffected by off-axis or eccentric load; (b) Compliant bistable mechanism deflection affected by off-axis or eccentric load. 
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Figure 3. Fully compliant CBBM. 
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Figure 4. Circular beam subjected to combined force and moment loads at its free end. 
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Figure 5. Discretization of circular beam at its undeformed position. 
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Figure 6. Element   i j   at its deflection position. 
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Figure 7. Geometric parameters of circular-beam bistable limb. 
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Figure 8. Free body diagram of circular-beam bistable limb in proposed mechanism. 






Figure 8. Free body diagram of circular-beam bistable limb in proposed mechanism.



[image: Applsci 13 01642 g008]







[image: Applsci 13 01642 g009 550] 





Figure 9. (a) Geometric parameters of SBBM1; (b) Geometric parameters of SBBM2. 
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Figure 10. (a) Finite element model of CBBM; (b) Finite element model of SBBM1; (c) Finite element model of SBBM2; (d) force−displacement curves of CBBM, SBBM1, and SBBM2 using finite element analysis. 
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Figure 11. Pitch stiffness−displacement curve of CBBM. 
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Figure 12. Pitch stiffness of CBBM and SBBMs 1 and 2 at different shuttle displacements. 
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Figure 13. Photographs of prototype CBBM and SBBMs 1 and 2. 
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Figure 14. Experimental setup for measuring force−displacement curves. 






Figure 14. Experimental setup for measuring force−displacement curves.



[image: Applsci 13 01642 g014]







[image: Applsci 13 01642 g015 550] 





Figure 15. Bistable curves of CBBM. 
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Figure 16. Pitch stiffness in experimental setup. 
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Figure 17. Experimental curve of moment and deflection radians of bistable mechanisms. 
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Figure 18. Influence of geometric parameters of bistable mechanism on pitch stiffness. 
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Table 1. Geometric parameters of evaluated bistable mechanisms.
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	Parameter
	CBBM
	SBBM1
	SBBM2





	   N t   
	4
	4
	4



	W
	6 mm
	6 mm
	6 mm



	   L 1   
	10.5 mm
	10.4 mm
	10.5 mm



	   L 2   
	10.5 mm
	10.4 mm
	10.5 mm



	   L 3   
	10.5 mm
	10.4 mm
	10.5 mm



	   τ 1   
	20.8   ∘  
	12.1   ∘  
	17.6   ∘  



	   τ 2   
	2.8   ∘  
	12.1   ∘  
	11.87   ∘  



	   τ 3   
	9   ∘  
	12.1   ∘  
	5.87   ∘  



	    θ 1  =  θ 2  =  θ 3    
	6   ∘  
	-
	-



	  T 1   =   T 2  
	1 mm
	1 mm
	1 mm



	   T 3   
	4 mm
	4 mm
	4 mm



	D
	200 mm
	200 mm
	200 mm
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Table 2. Comparison between simulation and experimental results of pitch stiffness in different structures.
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Pitch Stiffness (N · mm)/Rad

	
FEA

	
Experiment




	
Initial Position

	
Second Position

	
Initial Position

	
Second Position






	
CBBM

	
698.3

	
481.1

	
744.2

	
489.9




	
SBBM1

	
607.0

	
363.9

	
621.2

	
382.3




	
SBBM2

	
634.2

	
426.3

	
645.7

	
439.2
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