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DRAFT



A Bistable Artificial Muscle Actuator Jonathan Rossiter1,2 Boyko Stoimenov2 and Toshiharu Mukai2 1



Department of Engineering Mathematics, University of Bristol, Bristol, UK 2 Bio-mimetic Control Research Center, RIKEN, Inst. of Physical and Chemical Research, Japan E-mail: [email protected], {Rossiter, Toshi, Stoimenov}@bmc.riken.jp Abstract: We present an artificial muscle actuator based on the axially compressed buckled beam of bending actuator material. Thus natural bistable structure helps to overcome some problems found in the new materials used for artificial muscle actuators, such as relaxation and non-repeatability. Without electrical stimulation the buckled beam remains in one of two stable positions. Actuating the structure causes it to switch from one state to the other, thus giving a versatile element that can be used as an actuator, mechanical switch or adjustable structural element. The structure can be partially actuated in order to move the actuator with respect to one of the stable states without actually switching state. Likewise a variable force can be generated. We show how initial study of the standard buckled beam model suggests a method for segmenting bending actuator materials such as ionic-polymer metal composites (IPMC) in order to switch between states through low energy paths. We also show how such a structure can be used to construct a cilium-like actuator that generates the standard envelope of power stroke and recovery stroke using a one-degree of freedom input.



There are a number of advantages that mark these self-bending bistable actuators as different from previous bending actuator structures: •



Post actuation relaxation is reduced since the actuator always falls into the same stable shape



•



Actuation is repeatable because the natural stress distribution is the same whenever the structure is in one of the stable shapes.



•



No energy is required to maintain the stable shapes.



Compared to other bistable actuator structures [4][5][6], the presented self-bending structures have the following advantages: •



No external force is needed to change state.



•



The state transition path can be optimized with respect to a desired property, e.g. time, energy, etc.



•



The structure can bend in a controlled manner around a stable state without actually changing state, thus creating local actuation.



•



The structure can be made to adapt to a changing environmental or loading conditions.



1. INTRODUCTION Modern materials used for artificial muscles are at the cutting-edge of engineering and material science. Unfortunately, like many other state-of-the-art technologies, these materials suffer from a number of “teething” problems. Problems with bending actuators include such undesirable properties as relaxation after actuation [2], low repeatability [3], and the need for power and active control to maintain a constant actuated state. To use these imperfect materials one is forced to spend time building a mathematical model in order that a suitable controller can be constructed. Unfortunately such a model is often very complex and difficult to implement. Another approach, utilized in this paper with specific relevance to bending-type actuators, is to build naturally stable structures. Here we approach the problem from the structural mechanics point of view, in an attempt to link these new materials with real-world applications. The bistable actuator presented here, and shown in Fig. 1, is just such an important building block that can expand application areas and help realize practical devices. These stable structures provide easily measured equilibrium points from which to start actuation or between which to switch.



In the sequel we present the self-switching bistable buckled beam actuator. We describe a segmentation schema based on buckling mode shapes and show initial actuation data. We also present an embodiment of the structure as an artificial muscle that drives a beating element similar to bacterial cilia. The bistability of the structure generates a two-dimensional cyclic swimming motion comprising a power stroke and a recovery stroke from only a single input signal.



bending actuator material fixing



fixing



Fig. 1 The basic buckled beam actuator shape, and a sample Au/Nafion test actuator
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This yields two families of solutions for the displacement equation [2],
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Fig. 2 Buckling of a pinned beam



2.1 Buckling modes in clamped beams Consider the pinned beam of length l as shown in Fig. 2 [7]. Under axial loading P the beam initially deforms axially (Fig 2a.) Once the critical load is exceeded, the beam deforms sideways into the buckled “bow” shape (Fig 2b,) characterized by the equation, d2y P =− y, EI dx 2



(1)



where E is the Young’s modulus, I is the moment of inertia, and y is the deflection along length x. In this case the boundary conditions are, y=0|x=0 and y=0|x=l. The resulting deflection equation of the buckled beam has the form:



where, k 2 = P EI In Fig. 2b we can clearly observe the two stable buckling states for a beam with rectangular cross section. The disadvantage of the pinned beam is the difficulty of mounting such a beam to ensure free end rotation. In order to develop a more convenient, mountable, bistable structure we now consider the double clamped beam in Fig 3. Here the ends are fixed such that rotation is eliminated. l
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Fig. 3 Buckling of a clamped beam



Equation (1) still applies, but boundary conditions now become, {y=0,y’=0}|x=0 and {y=0,y’=0}|x=l. Now (1) results in the deflection equation of the clamped buckled beam of the form, M y = A sin (kx ) + B cos(kx ) + 0 , P



(4)



x 2 sin (kx )   (5) y = C 1 − 2 − cos(kx ) +  l kl   kl = 2.86π , 4.92π , 6.94π , 8.95π , 10.96π ,...



Equation (4) defines symmetric buckling shapes and (5) defines asymmetric shapes. Fig. 4 shows the first three solutions from (4) and (5), commonly referred to as buckling modes 1, 2 and 3. Note the reflexive symmetry of modes 1 and 3. Mode 3



Mode 1



Mode 2



Fig. 4 The first three buckling modes



(2)



y = A sin(kx) +B cos(kx),



(3)



(2)



where M0 is the bending moment at the clamps. In order to obtain non-zero solutions to this equation we must satisfy the following condition:



By constraining movement at various key points along the length of the beam, or by applying specific critical loads, the different buckling modes can be forced to develop. 2.2 Restricting buckling modes Traditional applications of bistable beams restrict movement to a small subset of these modes [6], and most usually only one [4][5]. This is a constraint imposed by the fairly rigid materials used and the inflexibility of the actuation method. It is clear that, while such mode restrictions may be necessary for passive beam structures they would unnecessarily constrain the active self-bending structures proposed in this paper. Further, it may be advantageous to utilize such alternative buckling modes since they can provide pointers to low-energy state transition paths. Indeed, the ability of bending actuators to change the shape of the buckled structure means that it may be possible to move through more optimal paths than are possible with the best-designed passive structures. In the next section we discuss the switching of state through intermediate shapes, including alternate buckling modes. 3. SELF-BENDING BISTABLE BEAMS Given a pre-stressed (or at least pre-deflected) bending actuator that exhibits the simplest buckling mode (mode 1) we now consider movement paths from one state to the complimentary state. Figs. 5 and 6 show two possible



actuation paths that pass through alternative buckling solutions. In Fig. 5 the actuator in state A bends under electrical stimulation until is resembles the mode 2 buckle B. This is the snap-through region of a passive bistable beam and only a little further actuation is required to force the actuator into state C, again in buckling mode 1. Likewise, the same state switching may be achieved by passing through buckling mode 3 as shown in Fig 6. Snap through A B
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