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Insects are minimum flyers in the animal kingdom, of which representative
dimensions are on the order of 1mm. Hence, it iIs expected that artificial flyers line drones can be
minimized by mimicking insects. However, because of complexity of phenomena and limitation of
fabrication, the insect-mimetic flyer on the order of 1mm has not been realized. In this study, (1)
the strongly coupled multiphysics and multisystem analysis method was developed, (2) the 2.
5-dimensional structure of MEMS was designed such that it can present flapping functions using the
insect flight mechanism, and (3) the design solutions were fabricated using the MEMS micromachining
process. It follows from these results that the possibility of the insect-mimetic flyer on the order

of 1mm was demonstrated.
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4.1.1 Hierarchically decomposed finite element method for a triply coupled piezoelectric, structure,
and fluid fields of a thin piezoelectric bimorph in fluid

(a) Ramegowda P.C., Ishihara D., Takata R., Niho T., Horie T.

(b) Computer Methods in Applied Mechanics and Engineering 365 2020 4= 06 A

(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 a thin 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 FSI are coupled using the block Gauss—Seidel method, the fluid—structure
interaction 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) DOI: 10.1016/j.cma.2020.113006

4.1.2 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 P.C., Ishihara D., Takata R., Niho T., Horie T.

(b) Composite Structures 245 2020 4> 08 A

(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 is one 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 a metal shim. In this work, 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 a metal 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-piezoelectric analysis coupled with a pseudo direct-
piezoelectric evaluation method to capture the sensor and actuator response of a thin piezoelectric bimorph with a metal shim.

(d) DOI: 10.1016/j.compstruct.2020.112284

4.1.3 Hierarchical modeling and finite element analysis of piezoelectric energy harvester from
structure-piezoelectric-circuit interaction

(a) Ramegowda P.C., Ishihara D., Takata R., Horie T.

(b) World Congress in Computational Mechanics and ECCOMAS Congress 1200 2021 4 01 H



(c) Abstract: The piezoelectric energy harvesting devices for the conversion of mechanical vibration into electric energy via a flexible
piezoelectric energy harvesting (FPED) structure have gained greater attention. Here, the large deformation of the FPED structure
causes a strong interaction with the electric field (direct-piezoelectric effect) and structural field (inverse-piezoelectric effect), and
vice-versa. Also an electrical circuit is attached to the electrodes covering the piezoelectric layers. This becomes a three-way coupling
of the structure, the electromechanical effect of the piezoelectric material, and the electrical circuit. A mathematical and numerical
model of the complex physical system of the involved multiphysics coupling characteristics in order to predict the operational
properties and to increase the performance is very important. The presentation will discuss a partitioned coupling algorithm based
hierarchical decomposition using finite element method for piezoelectric energy harvesting from structure-piezoelectric-circuit
interaction. Results obtained with the finite element analysis are compared with the experimental results of PEHDs with base excitation
reported in the literature.

(d)DOI : 10.23967/wcem-eccomas.2020.163

4.1.4 Performance evaluation of the pixel wing model for the insect wing's camber

(a) Onishi Minato, Ishihara Daisuke

(b) ARV I 2 b—a UFERREIGE (—BFEFEA ARV I 2 b—va VS 8(2) 163-172 2021401
A

(c) Abstract: In insect flapping wings, the camber deformation is caused by the acrodynamic forces. Since the camber will improve
the aerodynamic performance of Flapping Wing Nano Air Vehicles (FWNAVs), it is important to elucidate the passive mechanism of
the cambering. The pixel wing model consisting of a structured mesh using shell elements that can simulate the camber deformation
caused by the fluid—structure interaction has been proposed for the purpose of computational efficiency. In this study, the performance
of the pixel wing model is evaluated as the pixel model resolution is changed. The minimum pixel model resolution is determined
such that it can keep enough magnitude of camber compared to actual insects. Furthermore, it is found that the cambering of the pixel
wing model can be effectively changed using the wing's chord-wise flexural stiffness given by the root vein pixels and the thickness
of the wing membrane pixels.

(d) DOI : 10.15748/jasse.8.163

4.1.5 Strongly coupled partitioned iterative method for the structure—piezoelectric—circuit interaction
using hierarchical decomposition

(a) Ishihara D., Takata R., Ramegowda P.C., Takayama N.

(b) Computers and Structures 253 2021 4% 09 A

(c) Abstract: The key to the design of advanced micro electro-mechanical devices is an accurate evaluation of the circuit-integrated
piezoelectric oscillator that accounts for its complicated configuration. Here, the direct numerical modeling of this oscillator leads to
a general formulation as a structure—piezoelectric—circuit interaction. Hence, this study developed a strongly coupled partitioned
iterative method for the structure—piezoelectric—circuit interaction. The proposed method was constructed using hierarchical
decomposition, the partitioned iterative method for two coupled fields, and loop union. That is, the whole system of the coupled
multiphysics is hierarchically decomposed into coupled two-field subsystems, partitioned iterative algorithms for two coupled fields
are applied to these subsystems, and the coupling algorithms for these subsystems are reduced to a single coupling algorithm. In the
proposed method, three distinct direct piezoelectric, inverse piezoelectric, and circuit solvers are strongly coupled with each other.
The inverse piezoelectric solver uses shell finite elements to analyze the response of the thin oscillator efficiently, while the direct
piezoelectric solver uses solid finite elements to accurately describe the three-dimensional distribution of the electric potential in the
piezoelectric continuum. The proposed method can accurately analyze coupling phenomena in the RC circuit, piezoelectric shunt
damping, and piezoelectric energy harvesting.

(d) DOI :  10.1016/j.compstruc.2021.106572

4.1.6 Computational control for strongly coupled structure, electric, and fluid systems

(a) Shankar V., Ramegowda P.C., Ishihara D.

(b) International Journal for Computational Methods in Engineering Science and Mechanics - (2) 91-106 2022 4% 01 A
(c) Abstract: Piezoelectric-structure interaction (PSI) and fluid-structure interaction (FSI) are multi-physics coupled systems. These
interactions affect the vibration characteristics of coupled systems and thus such complex coupled systems must be controlled. This
paper proposes computational control based on the finite element method for strongly coupled multi-physics analysis of the PSI of a
thin flexible piezoelectric bimorph actuator. The vibration characteristics and the effect of direct velocity and displacement feedback
(DVDEFB) control in coupled systems are investigated. The displacement and velocity feedback gains are used together as well as
separately. DVDFB control is extended to the FSI of stiff and soft structures to study vibration characteristics using active control and
compare the stability of the two types of structure. The results of PSI show a reduction in actuator displacement amplitude and a shift
in the resonance frequency due to DVDFB control. For FSI, the results for a stiff material show a reduction in displacement. The
velocity feedback gain has no effect for a stiff material and leads to instability due to a large control force. The results for a soft
material show a reduction in displacement and amplitude and more stability compared to the case for the stiff material.

(d) DOI : 10.1080/15502287.2022.2066032
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4.2.1 A Design Window Search Using Nonlinear Dynamic Simulation for Polymer Micro-machined
Transmission in Insect-inspired Flapping wing Nano Air Vehicles

(a) Rashmikant , Ishihara D.

(b) 2021 6th International Conference on Robotics and Automation Engineering, [CRAE 2021  162-167 2021 401 H

(c) Abstract: The novelty of this study is the proposition of a design window (DW) search using the nonlinear dynamic simulation,
and the finding of the DWs of the polymer micro transmission that satisfies the nonlinear and unsteady design requirements conflicting



with each other simultaneously. Here, the DW is defined as an existing area of satisfactory solutions in a design parameter space,
which is defined as the flapping frequency equivalent to small flies and the mass of the micro wing supported by the transmission
design. Since this micro transmission is the key component of the flapping wing nano air vehicle (FWNAVs) which has a 2.5-D
structure and is fabricated using polymer micromachining so proposed DWs will contribute to further miniaturizing FWNAVs.

(d) DOI : 10.1109/ICRAES53653.2021.9657802

4.2.2 Improved Design of Polymer Micromachined Transmission for Flapping Wing Nano Air Vehicle
(a) Rashmikant , Ishihara D., Suetsugu R., Murakami S., Ramegowda P.C.

(b) Proceedings of the 16th Annual IEEE International Conference on Nano/Micro Engineered and Molecular Systems, NEMS 2021
1320-1325 2021 4 04 H

(c) Abstract: This paper presents an improved design of polymer micromachined transmission for flapping-wing Nano Air Vehicles
(FWNAVs) in comparison with our last design. Design Improvement includes (1) reduction of the crack and fracture during
microfabrication, and (2) performance improvement of the transmission. The novelty of our polymer micromachined transmission
includes (1) the transmission mechanism based on the geometrical nonlinear bending deformation, and (2) the complete 2.5-
dimensional structure that can be fabricated using standard microfabrication techniques including the etching, the photolithography,
the deposition, and the curing process. The complete 2.5-dimensional structure requires no post-assembly and leads to further
miniaturization without so much difficulty. Each wing of FWNAVs will be driven by the proposed transmission and actuator separately.
The present transmission can produce around 40° stroke angle, which is about 50% higher than that of our previous work without
considering the mass effect.

(d) DOI : 10.1109/NEMS51815.2021.9451440

4.2.3 Computational Approach for the Fluid-Structure Interaction Design of Insect-Inspired Micro
Flapping Wings

(a) Ishihara D.

(b) Fluids

(c) Abstract: A flight device for insect-inspired flapping wing nano air vehicles (FWNAVs), which consists of the micro wings, the
actuator, and the transmission, can use the fluid-structure interaction (FSI) to create the characteristic motions of the flapping wings.
This design will be essential for further miniaturization of FWNAVs, since it will reduce the mechanical and electrical complexities
of the flight device. Computational approaches will be necessary for this biomimetic concept because of the complexity of the FSI.
Hence, in this study, a computational approach for the FSI design of insect-inspired micro flapping wings is proposed. This approach
consists of a direct numerical modeling of the strongly coupled FSI, the dynamic similarity framework, and the design window (DW)
search. The present numerical examples demonstrated that the dynamic similarity framework works well to make different two FSI
systems with the strong coupling dynamically similar to each other, and this framework works as the guideline for the systematic
investigation of the effect of characteristic parameters on the FSI system. Finally, an insect-inspired micro flapping wing with the 2.5-
dimensional structure was designed using the proposed approach such that it can create the lift sufficient to support the weight of
small insects. The existing area of satisfactory design solutions or the DW increases the fabricability of this wing using
micromachining techniques based on the photolithography in the micro-electro-mechanical systems (MEMS) technology. Hence, the
proposed approach will contribute to the further miniaturization of FWNAVs.

(d) DOI :  10.3390/fluids7010026

4.2.4 2.5-dimensional insect-mimetic wing model for flapping wing nano air vehicles and design
window search for manufacturable solutions using polymer micromachining

(a) Shankar V., Matsuo R., Onishi M., Ishihara D.

(b) 17th IEEE International Conference on Nano/Micro Engineered and Molecular Systems, NEMS 2022 306-311 2022 4 01
A

(c) Abstract: Insect flapping wings undergo large deformations such as feathering and cambering for creating large thrust forces.
Hence, insect-mimetic wings for flapping wing nano air vehicles (FWNAVs) will replicate these characteristic deformations. For the
purpose of realizing this type of wings, in this study, a 2.5-dimensional (2.5-D) insect-mimetic wing model for FWNAVs is proposed.
The proposed wing model consists of the leading-edge, the central vein, the root vein, and the membrane, all of which are described
by shell elements. The feathering and cambering of the proposed wing model can be caused by the aerodynamic pressure. Furthermore,
the proposed wing can be fabricated using polymer micromachining because of the complete 2.5-D structure. In order to demonstrate
these capabilities, we perform the design window (DW) search. The DW is defined as the existing area of satisfactory design solutions
in the design parameter space, where each solution can produce a sufficient camber. The DWs for the leading-edge, the central and
root veins are searched continuously using the geometrically nonlinear finite element analysis under quasi-steady aerodynamic
modeling. The thickness is chosen as the design parameter, while the other parameters are set following actual insects and polymer
materials. Finally, we determine the final solutions from the DWs for a specific polymer micromachining technique. In our future
work, the proposed solutions will be manufactured for the future miniaturization of FWNAVs.

(d) DOI :  10.1109/NEMS54180.2022.9791094

4.2.5 Iterative design window search for polymer micromachined flapping-wing nano air vehicles
using nonlinear dynamic analysis

(a) Rashmikant, Daisuke Ishihara

(b) International Journal of Mechanics and Materials in Design ( Springer Science and Business Media B.V.) 2023 4 01 H

(c) Abstract: In this study, an iterative design window (DW) search using nonlinear dynamic simulation was proposed for polymer
micromachined flapping-wing nano air vehicles (FWNAVs) that can satisfy both nonlinear and unsteady design requirements, which
are contradictory to each other. The DW is defined as an existing area of satisfactory solutions in the design parameter space. The
present FWNAVs have a complete 2.5-dimensional structure such that they can be fabricated using polymer micromachining. The



micro-wing of our FWNAVs has been designed using morphological and kinematic parameters of an actual dipteran insect. Finally,
using our method, we found the DW that allowed miniaturization of the design down to 10 mm while satisfying all the design
requirements. Our findings demonstrate the possibility of further miniaturizing FWNAVs down to the size of small flying insects.
(d) DOI: 10.1007/s10999-022-09635-4

4.2.6 Importance of Three-Dimensional Piezoelectric Coupling Modeling in Quantitative Analysis of
Piezoelectric Actuators

(a) Daisuke Ishihara, Prakasha Chigahalli Ramegowda, Shoichi Aikawa, Naoki Iwamaru

(b) CMES - Computer Modeling in Engineering and Sciences ( Tech Science Press)  136(2)  1187-1206 2023 4= 02 H
(c) Abstract: This paper demonstrates the importance of three-dimensional (3-D) piezoelectric coupling in the electromechanical
behavior of piezoelectric devices using three-dimensional finite element analyses based on weak and strong coupling models for a
thin cantilevered piezoelectric bimorph actuator. It is found that there is a significant difference between the strong and weak coupling
solutions given by coupling direct and inverse piezoelectric effects (i.e., piezoelectric coupling effect). In addition, there is significant
longitudinal bending caused by the constraint of the inverse piezoelectric effect in the width direction at the fixed end (i.e., 3-D effect).
Hence, modeling of these effects or 3-D piezoelectric coupling modeling is an electromechanical basis for the piezoelectric devices,
which contributes to the accurate prediction of their behavior.

(d) DOI :  10.32604/cmes.2023.024614
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4.3.1 Polymer Micromachined Transmission for Insect-Inspired Flapping Wing Nano Air Vehicles
(a) Ishihara D., Murakami S., Ohira N., Ueo J., Takagi M., Urakawa K., Horie T.

(b) 15th IEEE International Conference on Nano/Micro Engineered and Molecular System, NEMS 2020 176 - 179 2020 4% 09 A
(c) Abstract: This paper presents a polymer micromachined transmission from small translational displacement to large rotational
displacement, which has the potential for further miniaturizing a variety of micro robot applications such as insect-inspired flapping
wing nano air vehicles (FWNAVs). Innovative claims include (1) the transmission mechanism using a geometrically nonlinear bending,
(2) the microfabrication process consisting of only the standard steps such as the deposition, the photolithography, the curing, and the
release without any post-assembling, and (3) the stroke angle of about 40° without any dynamic effect.

(d) DOI: 10.1109/NEMS50311.2020.9265594

4.3.2 One-wing polymer micromachined transmission for insect-inspired flapping wing nano air
vehicles

(a) Rashmikant , Ishihara D., Suetsugu R., Ramegowda P.C.

(b) Engineering Research Express 3 (4) 2021412 A

(c) Abstract: This paper presents a feasibility step in the development of an insect-inspired flapping wing nano air vehicle using
advanced engineering technologies such as microelectromechanical systems (MEMS) technologies. To develop an insect-inspired
flapping wing nano air vehicle, a one-wing polymer micromachined transmission is proposed in this paper. The novelty of this study
includes (1) the use of the geometrically nonlinear bending deformation of a set of two parallel elastic hinges as the basis for the
transmission mechanism, which produces a large rotational displacement from a small translational displacement, and (2) a complete
2.5-dimensional structure that can be fabricated using standard microfabrication techniques, including etching, photolithography,
deposition, and curing, without any post-assembly. This design is also an improved version of our previous design, a two-wing polymer
micromachined transmission. The transmission proposed here has a great advantage over other types of transmission mechanisms,
including its low energy loss because no post-assembly is required (reduced friction loss); its low total weight; its capacity to be further
miniaturized without difficulty; and its performance, i.e., ability to produce the necessary stroke angle of approximately 30° without
resonance assistance.

(d)DOI : 10.1088/2631-8695/ac2bf0

4.3.3 FIRST PROTOTYPE OF POLYMER MICROMACHINED FLAPPING WING NANO AIR
VEHICLE

(a) Rashmikant, Ryotaro Suetsugu, Minato Onishi, and Daisuke Ishihara

(b) Proceedings of 2023 IEEE 36th International Conference on Micro Electro Mechanical Systems (MEMS) ~ 2023-January 534
-537 20234203 A

(c) Abstract: The novelty of this study includes the development of an insect-inspired flapping wing nano air vehicle (FWNAV) using
polymer micromachining or MEMS flyer and its computational flight performance using a fluid-structure interaction (FSI) analysis.
The present FWNAV consists of a micro transmission with a support frame, a micro wing, and a piezoelectric bimorph actuator. This
FWNAY can be easily fabricated using polymer micromachining and its flight performance can be accurately predicted using the FSI
analysis. Hence, this study will lead toward the development of tethered and flyable FWNAVs with the size of the smallest flying
natural insects.

(d)DOI :  10.1109/MEMS49605.2023.10052580
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