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Abstract - Soft robotics is a growing, fresh area that relies on these mechanical characteristics and the inclusion of components, buildings and applications. Just as animal movements are based on the close inclusion of neural and mechanical controls, soft robotics aims to accomplish better and simpler processes by exploiting ‘mechanical intelligence’ of soft materials. One such soft pneumatic bending actuator is developed here. It is then fabricated using latex tube, braided sleeve and strain-restraining material. The McKibben Pneumatic Bending Actuator (MPBA) was characterized after several tests. The actuator tested here shows a bending angle of 130.8° for an air pressure of 2.5bar. It exerted a maximum force of 8.52N for the same air pressure.
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Introduction
Classical robots have rigid underlying frameworks which constrain their ability to communicate with their environment. Conventional robot manipulators, for instance, have rigid connections, and can move objects using their advanced end effectors only. However, these robots face difficulties working in unstructured and heavily congested conditions [1]. Animals use the fragile mechanisms of complex natural systems to maneuver efficiently. Such capabilities have encouraged robotic engineers to integrate soft technology into their projects [2]. This has inspired many robotics engineers and scientists to study and develop bioinspired robots. Innovative and creative outcomes from these works led to the development of a new robotics field known as ‘soft robotics’[3]. Robosoft community defines a soft robot as “devices that can actively interact with the environment and can undergo large deformations relying on inherent or structural compliance.”[4] A variety of actuators were developed in this area which includes  Pneumatic Artificial Muscle(PMA), Pneumatic Bending Actuator(PBA), soft grippers and many more. It was Richard H Gaylord who first developed linear actuators in 1958. He described it as "an elongated, expandable tubular means surrounded by a woven sheath that forms an expandable chamber which contracts in length when circumferentially expanded"[5]. However then it was popularized by Joseph L McKibben in 1960 by using it to support his daughter with polio[6]. These actuators were also known as Pneumatic Muscle Actuators (PMA) as they resembled a human muscle when actuated and relaxed. It was considerably used in the exoskeleton and humanoid hand development [7]–[11] owing to its unique properties like low membrane material deformation, high tensile strength, uniform membrane loading, high contraction and more[12]. However, it is not convenient to generate bending motion using a linear actuator. This led to the development of Pneumatic Bending Actuators (PBA). 
A PBA is a kind of an actuator which bends when sufficient amount of air is supplied. Soft PBA could simplify and enhance the transmission mechanism's performance, and have greater stability compared to their rigid mechanical counterparts. Many variants of bending actuators are developed during the course of time which includes PneuNets[13], granular jammed bending actuator[14], fiber-reinforced bending actuators[15] and multiple chambered bending actuators[16]. These bending actuators are mainly used in development of rehabilitation devices and gripper, where more human interaction is involved. PneuNets are primarily used where more deflection and less force are required, whereas fiber-reinforced or McKibben type actuators are commonly used for higher force applications.
All the actuators in the research mentioned above domains of use. They provide significant bending but fail to provide the bending force required. Here, a low-cost and easy to fabricate McKibben Pneumatic Bending Actuator (MPBA) is fabricated and tested in order to characterize. It generated a sufficient bending movement along with adequate force. 
Working Principle
To understand the working principle of the MPBA, it is necessary to know the working principle of a typical PMA. A PMA comprises of a rubber tube or bladder surrounded by a braided sleeve. It actuates on compressed air. When compressed air is supplied, the tube expands non-uniformly, like a balloon. The braided sleeve, which has a general application of electrical wire insulation, contracts axially when it is radially expanded and vice-versa. This phenomenon controls the expansion and shortens in length. Hence, a PMA shortens in length when compressed air is supplied as shown in Figure 1. Here, L is the length of the PMA and D is the diameter. Hence, L1 >L2 >L3 and D1 < D2 < D3 [17].
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[bookmark: _Ref35595933]Figure 1: Different stages of actuation of a McKibben PMA
An MPBA works on the same principle. Only addition is the strain-restraining material affixed axially on the external surface of the actuator. Strain-restraining material can be any flexible material such as nylon fabric. It prevents a part of the actuator from shortening and hence bending takes place. 
Figure 2 depicts the actuated and the relaxed states of the MPBA. It is noticeable that during bending, the strain-restraining material forms the top part of the actuator. This is because the part of the actuator without strain-restraining material shortens and hence it forms the inner surface. 
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[bookmark: _Ref35596445]Figure 2: Schematic of the actuated and the relaxed state of the MPBA
This is similar to the working of a bimetallic strip [18], where two metal strips with different thermal coefficient is fixed to one another. It bends when heated due to difference in expansion rate.
Fabrication Of The Actuators
The MPBA fabricated is made up of a latex tube, braided sleeve [19] and a strain-restraining material. The latex tube of inner diameter (ID) 8mm and outer diameter (OD) 12mm forms the inner part and the braided sleeving of 12.7mm surrounds it. Non-stretchable nylon fabric is used as the strain-restraining material. The width of the strain-restraining material is same as the diameter of the sleeve, i.e., 12.7mm. The length of the fabricated actuator is 100mm. 
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[bookmark: _Ref35598455]Figure 3: A fully fabricated MPBA
Figure 3 shows a fully fabricated MPBA. It also comprises of the end-caps which are 3D printed in our lab. One end is available for connecting to the pneumatic components and the other end is sealed.
Experiments Conducted
The fabricated MPBA is tested for bending angle and the force exerted and characterized. The testing is carried out in a test-rig shown in Figure 4 which was developed in our lab. The test-rig is built using aluminium frames of dimensions 20x20mm. It has fixtures for holding the actuator in the horizontal direction, compressor and an FRL to supply clean air to the actuator. Here, the pressure range was maintained from 0-2.5bar as the end-caps were designed for that range. 
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[bookmark: _Ref35599029]Figure 4: Test setup for MPBA characterization
Both bend angle and the force exerted is measured using the same rig with required modifications. 
Bending Test
This test is performed to evaluate the bending capability of the actuator. The compressed air is supplied and the pressure of which is controlled by the FRL. A digital camera (Nikon D5200) [20] is used to take images at regular intervals of 0.25bar pressure maintained in the actuator. These images are then processed using a the software IC Measure [21] to obtain the bend angle or the curvature angle of the actuator. Figure 5 shows the schematic of the test setup used for measuring bending angle of the MPBA.
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[bookmark: _Ref35603373]Figure 5: Schematic of the test setup for testing MPBA
The images captured during the bending test of the MPBA is shown in Figure 6.
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[bookmark: _Ref35603619]Figure 6: Images showing the bend positions of the MPBA at (a)0bar (b)0.5bar (c)1bar (d)1.5bar (e)2.0bar and (f)2.5bar
Force Test
It is important to calculate the force produced by the actuator, since it is one of the key features of choosing the actuator for a specific application. Here, a spring is used to measure the force exerted by the actuator. The spring is made of spring steel and its spring constant is known. A hook is fixed to one of the end-cap of the MPBA and is connected to the spring. Force calculation is done as per Hooke’s Law equation for springs which is given by,
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In the above equation (1),  is the spring force in Newtons,  is the spring stiffness in N/mm and  is the displacement of the spring caused by the actuator force. The displacement is measured using image processing. 
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[bookmark: _Ref35604837]Figure 7: Test setup for force measurement
Figure 7 shows the setup for measuring the force exerted by the actuator. Here, actuator force  and the spring force  is non-colinear. Hence forces are resolved into its components and equated to obtain the force exerted by the actuator. The equation (2) gives the actuator force in terms of spring force , the angle between the spring axis and the horizontal plane , and the angle between the actuator axis and the horizontal plane . These angles are also determined by image processing method as shown in Figure 7. 
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Results And Discussion
The test results include the bend angle property, linear displacement property and the force exertion property. These parameters help in deciding the dimension for the actuator for a specific application. 
Multiple trials were performed to minimize the experimental errors during characterization. The result obtained during bend test is shown in Figure 8. It can be observed that the maximum bending angle for an air pressure of 2.5bar is 130.85° from its initial position. 
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[bookmark: _Ref35610463]Figure 8: Bend Angle vs Pressure plot for the MPBA
The linear displacement in vertical direction is measured to provide an estimation of the actuator's space usage and to notice the pattern that the actuator adopts during the actuation process. Figure 9 shows the variations of the linear displacement of the MPBA for varying pressures. It can be noticed that the linear displacement increases almost linearly against the pressure up to the highest value. However, the displacement reduces after a certain point, which is due to the bending of the actuator by an angle greater than 90°. 
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[bookmark: _Ref35613435]Figure 9: Linear Displacement vs Pressure plot for the MPBA
The force exerted by the MPBA while bending is measured using a spring of known stiffness. The plot of pressure  and actuator force  is given in Figure 10. It can be noticed that the force increases linearly against the air pressure maintained inside the actuator. The actuator exerts a maximum force of 8.52N at 2.5bar pressure. 
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[bookmark: _Ref35615914]Figure 10: Muscle Force vs Pressure plot for the MPBA

Conclusion
A McKibben Pneumatic Bending Actuator (MPBA) is developed from a McKibben type PMA and fabricated using latex tube, braided sleeve and a strain-restraining material. In order to characterize the actuator, various tests are performed on it. The bending capability of the actuator and the exerted force is quantified and plotted. It can be noticed that the bend angle of the MPBA increases as the pressure increases and it bends up to 130.85° from its initial position for a pressure of 2.5bar. The force exerted by the actuator rises linearly with the pressure and exerts a maximum force of 8.52N at an internal air pressure of 2.5bar. Further investigation is on process to fabricate MPBAs of different sizes and compare their characteristics. 
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