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How will the project be financially supported (please select one or provide details):
 there is a sponsor (provide details): Tianjin University	   Students will finance the project (provide details)
Project Title:  A manta-ray robot

Project Abstract (200 words max):
Provide a summary of the objectives and aspects of the project.
The buoyancy-propelled underwater robot can operate in the open ocean for extended periods of time and are relatively silent. The thrust of the rigid-wing robot motion comes from the component of the lift force of the two rigid wings, and it suffers slow movement and low maneuverability.  In this project, we will develop a flexible wing using tensegrity[footnoteRef:1] structure and a manta-ray robot to achieve fast and agile motion. The wing is lightweight[footnoteRef:2] and performs large deformation. The following analyses will be done to assist the design. Tensegrity wing dynamics is simulated to determine the relationship between the wing deformation and the actuation input. Relationship between roll/pitch/yaw motion and wing kinematics is investigated by theoretical analysis and experiments. Maneuverability by flexible wings is illustrated through swimming experiments of manta-ray robot. [1:  Tensegrity is a stable network of compressive members (bars) and tensile members (strings) and used in space structure.]  [2:  The components of the tensegrity structure are only subjected to the axial force, so tensegrity has large stiff-mass ratio.] 


Project Value for the sponsor/faculty member/competition team (150 words max):
Provide the value that the project will bring to your organization (e.g., financial, research, advancements, etc.) justifying the work and effort by the department, the university, etc. will invest in supporting the project and the value to be gained by the students.

The flexible wings are expected to be used in underwater robots to improve their ability of current disturbance rejection and maneuverability. Tianjin University will finance the cost associated with the design and manufacture of the wing.

Project background (300 words max):
Provide a synopsis of the reasons and need to conduct the project.
Manta rays swim with mesmerizing ease and grace, so we want to develop flexible wings using the tensegrity structure to hopefully emulate the performance of ray swimming in efficiency, maneuverability, and agility. The flexible wings are expected to be used in underwater vehicles, e.g., robots, to improve their ability of current disturbance rejection and maneuverability. So far, only University of Virginia developed a manta-ray robot with flexible tensegrity wings and illustrated agile motion controls. The pioneer work by Evologics company of Germany on large-size manta-ray robot shows the advanced motion performance (where the “fin ray effect” mechanism is used in wing design). Compared with the “fin ray effect” mechanism, tensegrity wing has better controllability of the wing surface shape and may exploit the optimal hydrodynamics. In addition, it resembles the musculoskeletal system and the neuronal control mechanisms of body resonance may be applied for energy efficiency. The design of the tensegrity wing in this project is the initial effort for the development of a new type of propeller.

Brief Project Description (700 words max):
Provide a brief description of the project outlining the problem to be solved and the main objectives.
The first objective is to design and build a tensegrity wing to be used in a manta-ray robot (Fig. 1a,b,[1]). Fig. 1c illustrates the actuation mechanism of the wing: by pulling in the horizontal cables (horizontal blue lines in Fig. 1c) of one side and releasing the other, the changes in cable tension cause the rigid bars (black lines in Fig. 1c) to rotate about the rotational joints (black dots in Fig. 1c) and the whole structure deforms in a plane. The cables can be chosen to be stiff as University of Virginia (UVA) did in Fig. 1b or to be elastic so that the span length of the tensegrity beam can be varied by pulling in / releasing the horizontal cables of both sides simultaneously (Fig. 1d). The span length change of the tensegrity beam leads to the adjustment of the natural frequency of the beam to be matched with the swim frequency for resonance exploitation to minimize the magnitude of the input torque and to avoid the negative power (which will be lost in the form of heat loss). (The tensegrity wing design with the elastic cables is optional if the implementation is difficult.) Please refer to the video at Youtube [1] and Fig. 4.18 and Fig. 4.21 in [2] for design details of the tensegrity wing and its actuation method. The initial dimension and cable stiffness values will be provided and can be refined during the design. The mathematical model and Matlab code of tensegrity beam dynamics will be provided to assist the following analysis:
(1) estimate the cable length change during the flapping to determine the radii of the cam (refer to Fig. 4.18 and Fig. 4.21 in [2]) for each pair of cables; (2) the orders of the magnitude of actuation torque and motor power are estimated to choose the motor (a simple analytical fluid force model is considered in current model); (3) refine the model parameters and actuation length change of the cable to realize the desired deformation of the wing (e.g., Fig. 1b); (4) If the elastic cables are used, make sure the natural frequency of the tensegrity wing is in the swim frequency range.
A manta-ray-like robot is built and achieves the agile pitch/roll/yaw motion. Understand how the wing kinematics affect the pitch/roll/yaw motion [3,4].
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Fig. 1 Mantabot developed by University of Virginia (a,b) [1]. In sub-figure c, the blue lines represent the cables, the black lines represent the struts, and the black dots represent the one-dimensional rotational joints. The tensegrity beam deforms in the plane by pulling in or releasing the horizontal cables. The span length is modified by pulling in the horizontal cables of both sides simultaneously (d).
Expected Outcome and Deliverables (200 words max)::
Provide the expected deliverables to be provided by the students (prototype, reports, engineering analysis, etc.).
(1) A tensegrity wing is built to achieve the large deformation. Provide the document on design analysis. Please refer to the previous section for design details.
(2) A manta-ray robot is built to achieves agile swimming motion. 

References:
[1] https://m.youtube.com/watch?v=UEIfVA8tLqU&t=14s
[2] Kemp TH. 2011 Investigating batoid-inspired propulsion: the development, testing, and performance analysis of a tensegrity-based robotic fin for Underwater Locomotion (chapter 5). PhD thesis, University of Virginia. https://libraetd.lib.virginia.edu/public_view/6108vb56m
[3] Chen Jun. 2021 Flexible tensegrity wing design and insights in principles of swimming kinematics of batoid rays. Bioinspir. Biomim. 16, 056007. https://doi.org/10.1088/1748-3190/ac0fcd.
[4] SaitoM, FukayaMand Iwasaki T 2002 Serpentine locomotion with robotic snakes IEEE Control Syst. 22: 64–81 https://ieeexplore.ieee.org/document/980248
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