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In this study, a novel approach for micro and nano air vehicles or
insect-inspired MEMS flyer using strongly coupled multi-physics analysis" was developed. That is,
(a) the strongly coupled multi-physics analysis methods were developed, (b) the 2.5-dimensional
structures of MEMS (Micro Electro-Mechanical System) were designed using these methods such that
they presented the insect flapping flight functions based on the strongly coupled multi-physics, and

(c) these design solutions were fabricated using the MEMS process or the micromachining based on
both Lithography and Etching. Here, this MEMS process was based on the novel polymer micromachining
designed using the computational mechanics. It follows from these results that the proposed approach

was demonstrated.
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3.1.1 Modeling the cambering of the flapping wings of an insect using rectangular shell finite elements

(a) Minato Onishi, Daisuke Ishihara

(b) Accepted for publication in Journal of Advanced Simulation in Science and Engineering

(c) Abstract: Cambering in the flapping wings of insects plays an important role in the aerodynamic
performance of their flight. In a previous study, the authors proposed a wing model using shell finite
elements to elucidate the mechanism of cambering. However, the analysis of a strongly coupled fluid-
structure system using this model would be quite computationally expensive because of the necessity of
robust mesh-moving techniques. Therefore, in this study, a new wing model using rectangular shell finite
elements is proposed. In the proposed model, the veins and membranes are described as pseudo-elastic
materials. The cambering of the proposed model is investigated by comparison with the previous model.
(d) Keywords: Insect flight, flapping wing, cambering, shell element, finite element method.
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(@)

(b) , 54 (8), 32-34, 2019
(c) Abstract: 3

(d) Keywords:

3.1.3 Partitioned method of insect flapping flight for maneuvering analysis

(@) Onishi M., IshiharaD.

(b) CMES - Computer Modeling in Engineering and Sciences, 121 (1), 145-175, 2019

(c) Abstract: This study proposed a partitioned method to analyze maneuvering of insects during flapping
flight. This method decomposed the insect flapping flight into wing and body subsystems and then coupled
them via boundary conditions imposed on the wing’s base using one-way coupling. In the wing subsystem,



the strong coupling of the flexible wings and surrounding fluid was accurately analyzed using the finite
element method to obtain the thrust forces acting on the insect’s body. The resulting thrust forces were
passed from the wing subsystem to the body subsystem, and then rigid body motion was analyzed in the
body subsystem. The rolling, yawing, and pitching motions were simulated using the proposed method as
follows: In therolling simulation, the difference of the stroke angle between the right and left wings caused
aroll torque. In the yawing simulation, the initial feathering angle in the right wing only caused a yaw
torque. In the pitching simulation, the difference between the front- and back-stroke anglesin both the right
and left wings caused a pitch torque. All three torques generated maneuvering motion comparable with that
obtained in actual observations of insect flight. These results demonstrate that the proposed method can
adequately simulate the fundamental maneuvers of insect flapping flight. In the present simulations, the
maneuvering mechanisms were investigated at the governing equation level, which might be difficult using
other approaches. Therefore, the proposed method will contribute to revealing the underlying insect flight
mechanisms.

(d) Keywords: Insect flapping flight, maneuverability, fluid-structure interaction, partitioned method,
projection method, strongly coupled method, one-way coupling, finite element method.

3.1.4 Role of fluid-structure interaction in generating the characteristic tip path of aflapping flexible wing
(@) IshiharaD.

(b) Physical Review E, 98, 032411, 2018

(c) Abstract: This study shows that characteristic modes, such as the figure-eight mode, can be created in
the path of the wing tip, which is caused by the fluid-structure interaction, using a flapping model wing
with two lumped flexibilities describing the elevation motion as well as the pitching motion. A direct
numerical simulation based on the three-dimensional finite element method for fluid-structure interaction
(FSI) analyzes the behaviors of the model wing, the surrounding air, and their interaction, where the
dynamic similarity law for the FSI is used to incorporate actual insect data, and the parallel computation
algorithm is used to perform the systematic parametric study. Characteristic modes, such asthe figure-eight
mode, are observed in the path of the wing tip from the elevation motion of the simulated wing. This motion
is considered as the forced vibration caused by the interaction with the surrounding fluid excited by the
flapping of the wing. Therefore, this motion can be modulated by the flexibility to change the natural
frequency, which can be controlled by the muscles at the base of the wing in the actual insect. The present
simulation shows that the selection between these modes in the path of the wing tip depends on the ratio
between the natural frequency of the elevation motion and the flapping frequency. In the case of the figure
eight, the upward elevation motion of the wing acts on the leading-edge vortex (LEV) so as to keep its
momentum upon stroke reversal. Therefore, this LEV can remain in the wake of the wing after stroke
reversal and enhance the next LEV. Because of this effect, the lift increases significantly as the mode of the
wing tip path shifts to the figure-eight mode. This understanding will contribute to a developed field of
bioinspired micro air vehicles; i.e., it will reduce the complexity of electromechanical devicesthat prescribe
entire motions of their wings.

(d) Keywords:
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(@) : . ) :

(b) , 2018, 20180018, 2018

(c) Abstract: In this study, a shape simplification modeling of insect flapping wings is proposed in order to
reveal the mechanical roles of the veins in their cambering, since it seems to be unclear how the elastic
deformation of insect wings caused by the aerodynamic force results in their camber. In the proposed
modeling, the veins are divided into the areas according to their functions, and the macroscopic constitutive
relationship in each area is described using the corresponding beam. Furthermore, the wing membrane
supported by the veins is described using a rectangular shell. The aerodynamic pressure dominant in the
cambering is considered in the static deformation of the model wing. The finite element analysistaking into
account the geometric nonlinearity is applied to the proposed model with the setup consistent with the actual
insect. Asthe result, the mechanical roles of the veinsin the cambering of insect flapping wingsarereveaed
(d) Keywords: Insect flapping wing, camber, beam, shell, finite element method.

3.2

3.2.1 Finite element analysis of a thin piezoelectric bimorph with a metal shim using solid direct-
piezoelectric and shell inverse-piezoelectric coupling with pseudo direct-piezoelectric evaluation

(a) Ramegowda PC., IshiharaD., TakataR., Niho T., Horie T.

(b) Composite Structures, Vol. 245, 112284, 2020

(c) Abstract: A thin triple-layer piezoelectric bender, also known as a piezoelectric bimorph with a metal
shim, consists of an elastic layer (metal shim) sandwiched between two piezoelectric layers. It isone of the
most commonly used piezoelectric composite structures in both sensing and actuation applications.



Therefore, this study deals with the coupled piezoelectric-structure interaction analysis of a thin
piezoelectric bimorph with ametal shim. In thiswork, the best features of the solid and shell elements were
combined to analyze the piezoelectric and structural fields, respectively, in a thin piezoelectric bimorph
with ametal shim. This approach addresses the shortcomings of using a single finite element mesh for both
the piezoelectric and structural fields. A transformation method using the block Gauss-Seidel algorithm is
employed to exchange the variables between solid direct-piezoelectric and shell inverse-piezoelectric
analyses. The metal layer can be analyzed as an elastic body with electrical boundary conditions. A pseudo
direct-piezoelectric evaluation method for the metal shim in the piezoelectric analysis is proposed. This
method allows us to reuse the existing piezoelectric analysis program, where the metal shim is analyzed as
the pseudo direct-piezoelectric material in a single analysis procedure. The homogenization method for the
evaluation of bending rigidity and mass is used for modeling the single shell structure in the inverse-
piezoelectric analysis of a thin piezoelectric bimorph with a metal layer. Numerical results are given for
various electrical configurations of actuators and sensors to validate the present method. Comparison with
an exact solution illustrates the accuracy, efficiency, and capability of the developed solid direct and shell
inverse-piezoel ectric analysis coupled with a pseudo direct-piezoel ectric evaluation method to capture the
sensor and actuator response of a thin piezoelectric bimorph with a metal shim.

(d) Keywords: Equivalent single theory, finite element method, homogenization method, piezoelectric-
structure interaction, thin piezoel ectric bimorph with ametal shim.

3.2.2 Hierarchically Decomposed Finite Element Method for Triply Coupled Piezoelectric, Structural, and
Fluid Fields of Thin Piezoelectric Bimorphin Fluid

(a) Ramegowda PC., IshiharaD., TakataR., Niho T., Horie T.

(b) Computer Methods in Applied Mechanics and Engineering, 365, 2020

(c) Abstract: This paper proposes a numerical method for analyzing a thin piezoelectric bimorph in fluid. A
hierarchically decomposed finite element method (FEM) is proposed for modeling the triply coupled
piezoelectric-structure-fluid interaction. The electromechanical coupling (piezoelectric-structure
interaction) behavior in athin piezoelectric bimorph is described by the classical constitutive equation, the
incompressible fluid flows by the Navier—Stokes equation and the structure by the Cauchy equation of
motion. The piezoelectric-structure-fluid interaction system is decomposed into subsystems of fluid-
structure interaction (FSI) and piezoelectric field, then the piezoelectric field and the FS| are coupled using
the block Gauss-Seidel method, the fluid—structureinteraction is split into the fluid-structure velocity field
and the pressure field using an algebraic splitting and the fluid-structure velocity field is partitioned into
fluid velocity field and structure velocity field. Using the proposed method, the resonance characteristics
of a piezoelectric bimorph cantilever made of PVDF and PZT-5H material in fluid are investigated for
actuation and sensor configurations.

(d) Keywords: Finite element method (FEM), fluid-structure interaction (FSI), hierarchical decomposition,
piezoel ectric-structure interaction, piezoelectricity, thin piezoelectric bimorph.

3.2.3 Performance Evaluation of Numerical Finite Element Coupled Algorithms for Structure-Electric
Interaction Analysis of MEM S Piezoel ectric Actuator

(8) Ramegowda P, IshiharaD., Niho T., Horie T.

(b) International Journal of Computational Methods, 16 (7), 2019

(c) Abstract: This work presents multiphysics numerical analysis of piezoelectric actuators realized using
the finite element method (FEM) and their performances to analyze the structure-electric interaction in
three-dimensional (3D) piezoelectric continua. Here, we choose the piezoel ectric bimorph actuator without
the metal shim and with the metal shim as low-frequency problems and a surface acoustic wave device as
a high-frequency problem. More attention is given to low-frequency problems because in our application
micro air vehicle's wings are actuated by piezoelectric bimorph actuators at low frequency. We employed
the Newmark's time integration and the central difference time integration to study the dynamic response
of piezoelectric actuators. Monolithic coupling, noniterative partitioned coupling and partitioned iterative
coupling schemes are presented. In partitioned iterative coupling schemes, the block Jacobi and the block
Gauss-Seidel methods are employed. Resonance characteristics are very important in micro-electro-
mechanical system (MEMS) applications. Therefore, using our proposed coupled algorithms, the resonance
characteristics of bimorph actuator is analyzed. Comparison of the accuracy and computational efficiency
of the proposed numerical finite element coupled algorithms have been carried out for 3D structure-electric
interaction problems of a piezoel ectric actuator. The numerical results obtained by the proposed algorithms
are in good agreement with the theoretical solutions.

(d) Keywords: Bimorph actuator, coupled agorithm, Micro-Electro-Mechanical System (MEMYS),
monolithic coupling, partitioned iterative method, piezoelectric effect, structure-electric interaction.

3.2.4 A novel coupling algorithm for the electric field—structure interaction using a transformation method
between solid and shell elementsin athin piezoelectric bimorph plate analysis
(a) Ramegowda P, IshiharaD., Niho T., HorieT.



(b) Finite Elementsin Analysis and Design, 159, 33 - 49, 2019

(c) Abstract: Thin piezoel ectric bimorph cantilever isincreasingly employed throughout the field of actuator
and sensor applications in the microelectromechanical system (MEMS). Generally for finite element
analysis of piezoelectric bimorph cantilever, three-dimensional (3D) solid element can accurately takes
into account a linear or quadratic distribution of electric potential over the thickness for various electric
configurations of the actuator and sensor applications. Asthe MEMS structures usually are quite thin and
undergo large deformations, shell elements are very well suited for the structural discretization. This paper
is focused on the development of a novel coupled algorithm to analyze the electromechanical coupling in
apiezoelectric bimorph actuator and sensor using the shell and solid elementsto simulate the structural and
electric fields, respectively. The electric force induced by the inverse piezoelectric effect is transformed
from the solid elements to the shell elements as an equivalent external force and moment, and the resultant
displacements are transformed from the shell elements to the solid elements to evaluate the direct
piezoelectric effect. Two different approaches were developed to analyze the electric field-structure
interaction. In the first approach, for each block Gauss-Seidel (BGS)iteration, multiple full Newton-
Raphson (N-R) iterations are executed until the tolerance criteria are satisfied. In the second approach, the
BGS and N-R loops are unified into a single loop. A piezoelectric bimorph actuator and sensor were
analyzed for various electrical configurations to demonstrate the accuracy of the proposed method.

(d) Keywords: Block Gauss-Seidel (BGS) method, coupled algorithm, electric field-structure interaction,
electromechanical coupling, Micro-Electro-Mechanical Systems (MEMS), piezoelectric bimorph actuator
and sensor, piezoelectric effect.

3.3FS

3.3.1 Fluid-structure interaction design of insect-like micro flapping wing

(a) IshiharaD., OhiraN., Takagi M., Murakami S., HorieT.

(b) Proceedings of the 7th International Conference on Coupled Problems in Science and Engineering,
COUPLED PROBLEMS 2017, 870 - 875, 2017

(c) Abstract: In this study, a FSI design of an insect-like micro flapping wing is proposed. Similar to actual
insects, the proposed design actively uses the FSI to create the passive wing motions. Each design solution
hasa2.5-D structure for the M EM Stechnology. The 3-D unsteady monolithic FSI equation systemis solved
to find the satisfactory design solutions using a projection method in a parallel computation environment.
An area of satisfactory design solutionsin a design parameter space or Design Window (DW) is presented.
Each design solution in the present DW can generate the thrust sufficient to support the weight of the model
insect. Therefore, the insect-like MEM S-based MAV s are possible.

(d) Keywords: 2.5-dimensional structure, design window, fluid-structure interaction, insect flapping flight,
micro air vehicle, micro-electro-mechanical systems, projection method.
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3.4.1 Polymer micromachined transmission for insect-inspired flapping wing nano air vehicles

(a) IshiharaD., Murakami S., OhiraN., Ueo, J., Takagi, M. Urakawa K, Horie T.

(b) Accepted for publication in the proceedings of IEEE NEMS

(c) Abstract: This paper presents a polymer micromachined transmission from small translational
displacement to large rotational displacement for further miniaturizing avariety of micro robot applications
such as insect-inspired flapping wing nano air vehicles (FWNAVS). Innovative claims include (1) a
geometrically nonlinear bending as the transmission mechanism, (2) only the standard microfabrication
steps such as the deposition, the photolithography, the etching, and the curing without any post-assembling,
and (3) the stroke angle about 40° without any dynamic effect.

(d) Keywords:

3.4.2 Microfabrication of hybrid structure composed of rigid silicon and flexible Pl membranes

(a) Murakami S., IshiharaD., Araki M., OhiraN., Ito T., Horie T.

(b) Micro and Nano Letters, 12 (11), 913 - 915, 2017

(c) Abstract: The authors have designed and microfabricated millimeter-scale wing-shaped hybrid
microstructures composed of rigid structures of single crystal silicon (SCS) substrates and flexible
polyimide (PI) membranes. The wing-shaped microstructures mimicking insect flapping flight have been
newly designed using a fluid-structure interaction analysis, and the hybrid microstructures based on the
design method have been successfully microfabricated using a simple process flow with SCS substrates
coated with PI membranes. Shape of the SCS parts in the hybrid microstructures have been successfully
fabricated using deep reactive ion etching of the SCS substrate with small etching rate, and the wing plates
of PI membranes have been prepared with the photolithography and the curing processes. The flexibility of
the PI membranes of the fabricated hybrid microstructures was also confirmed using the bending test of the
Pl membranes.

(d) Keywords:
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