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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 (FWNAYVs).
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.

1. INTRODUCTION

Insect-inspired flapping wing nano air vehicles
(FWNAVs) [1, 2] have received much attention in recent
years as a potent approach for miniaturizing unmanned air
vehicles. Since minimum flying insect is about 1mm in its
size scale, flapping wing nano air vehicles (FWNAVs) can
be minimized into the size from the mechanical view point
[3]. For their construction, one priority is to obtain the
wing’s flapping motion with the large stroke angle, since the
other motions can be created by the fluid-structure
interaction (FSI) based on the flexibilities of the wings [4-9].
The only prototype of FWNAYV that creates enough lift to
lift-off is the one presented in Ref. [1]. However, its
fabrication includes complicated process, which might
make the further miniaturization difficult [10]. The only
prototype of FWNAV that is fabricated using the
microfabrication process consisting of only the standard
steps such as the deposition, the photolithography, the
etching, the curing, and the release is the one presented in
Refs. [2, 10]. However, enough stroke angle in the wing’s
flapping motion is obtained using the resonance, which
might make the design based on the FSI-cause of the other
wing’s motions or the FSI-design [3] difficult. In our
previous studies, a millimeter-scale wing-shaped hybrid
structures mimicking insect wings using the FSI-design was
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proposed [3] and fabricated using a microfabrication [11].
Here, a polymer micromachined transmission from the
small translational displacement to the large rotational
displacement is newly proposed, fabricated, and tested. It
follows from this demonstration that the proposed
transmission can give further miniaturization of FWNAVs.

II. MATERIALS AND METHODS

A. Concept of the Polymer Micromachined FWNAV

Figure 1 conceptualizes the proposed polymer
micromachined FWNAYV, which consists of the
transmission, the supporting frame, the piezoelectric
bimorph actuator, and the wings. They are typically
included in the main components of flapping wing micro air
vehicles [12]. However, their significant difference from the
previous studies is that they have complete 2.5-dimensional
structures such that they can be fabricated using only the
standard microfabrication process consisting of only the
standard steps such as the deposition, the photolithography,
the curing, and the release. For the construction of the
FWNAYV, one priority is to obtain the wing’s flapping
motion with the large stroke angle, since the wing’s
feathering motion, which is the other main motion of the
wing to create the lift force [13], can be caused by the
fluid-structure interaction (FSI) based on the flexibilities of
the wings [4-7]. Some of other motions observed in the
insect flapping wings can also be caused by the FSI based on
their flexibility 8, 9]. The design using this FSI-cause of the
wing’s motions or the FSI-design [3] will reduce the
electromechanical complexity of the flapping device.
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Figure 1. Schematic of the polymer micromachined insect-inspired
FWNAV proposed in this study. It consists of the transmission, the
supporting frame, the piezoelectric bimorph actuator, and the wings. Their
significant difference from the previous studies is that they have
2.5-dimensional structures such that they can be fabricated using only the
standard microfabrication steps.

B. Mechanism of the Transmission

Figure 2 shows the transmission mechanism using the
large bending of the cantilever plate. Because of the
geometrically nonlinear bending, the small translational
displacement u, in the longitudinal axis of the cantilever
plate can give the large deflection angle ¢ at the tip of the



cantilever plate as shown in Figure 2. Different form the
previous study [2], the small input can be transmitted to the
large output directly using this mechanism.
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Figure 2. Transmission mechanism using the large bending of the
cantilever plate.

C. Basic Design of the Transmission

Figure 3 shows the basic design of the transmission
using the mechanism in the previous section. As shown in
this figure, the transmission consists of (1) the paralleled
elastic hinges, (2) the beams supporting the elastic hinges,
(3) the wing attachments, and (4) the actuator attachment.
Figure 4 shows the cross-sectional view of this transmission
in the xy-plane. The actuator gives the small translational
displacement u, in the point C. This displacement bends the
elastic hinges to cause the large rotation ¢ of the wing

attachments based on the mechanism in the previous section.

The symmetricity of the two sets of the paralleled elastic
hinges about the actuator attachment cancels their reaction
moments acting on it.
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Figure 3. Basic design of the transmission.
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Figure 4. xy-plane view of the transmission.

D. Detailed Design of the Transmission

Figure 5 shows a detailed design solution of the
transmission. The dimensions of the elastic hinge and the
supporting beam are shown in Section F. In this figure, the
fixed boundary condition is imposed to the supporting frame
at the area, where the fixed end of the piezoelectric bimorph
actuator is attached, and the transmission and the supporting

frame are deformed by the forced displacement u, = 170pm.
This deformation is calculated using the geometrically
nonlinear finite element analysis. Note that u, is given by the
equilibrium between the reaction forces from the
transmission and the piezoelectric bimorph actuator
(TOKIN Corporation, 20mm length, 3.0mm width, and
0.5mm thickness). The former is given as shown in Figure 6
(solid line) using the geometrically nonlinear finite element
analysis, and the latter is given as shown in Figure 6 (dotted
line) using the theoretical solutions for the maximum
bending displacement J (no load acting on the actuator) and
the maximum reaction force (the blocking force),
respectively, as

5=3/2)d,(L/t)*V, (1)
and
F=Qtw/L)Y,d,V , 2

where d3; is the piezoelectric constant, L is the length of the
actuator, ¢ is the thickness of the actuator, w is the width of
the actuator, V'is the applied voltage, and Y1 is the Young’s
modulus. The linear relationship between J and F is
assumed as shown in Figure 6 (dotted line). As shown in
Figure 5, the proposed design solution can produce the large
flapping angle. This solution produces the maximum
magnitude of the flapping angular displacement ¢ = 21° or
the stroke angle @ = 42°, which is comparable with that of
actual insects.

Figure 5. Geometrically nonlinear finite element analysis of transmission.
The color contour shows the magnitude of the deformation (A: the bird’s
eye view, and B: xy-plane view).
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Figure 6. Relationships between the displacement and the reaction force.
The solid line indicates that of the transmission given by the nonlinear
finite element method, while the dotted line indicates that of the actuator
given by the theoretical solutions.



E. Polymer Micromachining Process of the Transmission

Figure 7 shows the microfabrication process of the
microstructure with the transmission and the supporting
frame using the photosensitive polyimide adhesive sheets.
As shown in this figure, the lamination, the exposure, and
the development for the sheet are repeated on the substrate,
which is made of the Si wafer with the sacrifice layer, until
the transmission and the supporting frame are constructed.
After those repeated sets of the steps, the transmission and
the supporting frame are cured in order to imidize the
precursor and to convert it to the polyimide. Finally, the
microstructure with the transmission and the supporting
frame is released from the substrate.
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Figure 7. Microfabrication process of the microstructure with the
transmission and the supporting frame using the photosensitive polyimide
adhesive sheets.

F. Reduction of the Stress in the Polymer Micromachining
Process

In the microfabrication steps described above, the
various types of the stresses are caused in the polyimide
sheets and lead to fracture the elastic hinges. The
out-of-plane stress in the lamination steps causes the cracks
in the parts of the polyimide sheets forming the hollow
structures. The fluid traction force in the development
causes the cracks in the elastic hinges. The shrink of the
supporting frame due to the curing causes the tension of the
beam supporting the elastic hinge, and the tensile stress
concentrates in the corner of the boundary between the
elastic hinge and the supporting beam to fracture them. The
topology, shape, and dimensions of the plane structure of the
transmission are designed in order to reduce these stresses.
The example is shown in Figure 8, where the stress caused
by the shrink of the supporting frame in the curing is
considered. In this figure (A), the problem setup of the finite
element analysis for the elastic hinge and the supporting
beam is shown. The magnitude of the shrink due to the
curing is measured from the actual fabrication result, and it
is imposed on the boundary between the supporting beam
and the supporting frame. The ends of the supporting beam
and the elastic hinge are fixed. Figure 8B shows the linear
finite element analysis result for the detailed design solution,
where the von Mises stress distribution is shown. As shown
in this figure, the maximum value of the von Mises stress
appears in the corner of the boundary between the elastic
hinge and the supporting beam. In order to reduce this stress

such that it is much smaller than the fracture stress, two
design parameters shown in Figure 8A (L the length of the
supporting beam, R;: the radius of the corner of the boundary
between the elastic hinge and the supporting beam) are
parametrically studied. Figure 8C shows the relationship
between R; and the maximum von Mises stress for L; =
400pm. As shown in this figure, the optimum values of
these design parameters exist.
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Figure 8. Problem setup of the linear finite element analysis for the elastic
hinge and the supporting beam (A), the result of the von Mises stress
distribution, which is caused by the shrink of the supporting frame in the
curing (B), and the optimum design parameter (C).

III. RESULTS AND DISCUSSION

A. Fabrication of the transmission

Figure 9 shows the transmission and the supporting
frame fabricated using the polymer micromachining process,
where the photosensitive polyimide adhesive sheets [12]
with thickness of 40um are used. The proposed process
consists of only the standard microfabrication steps without
any post-assembling. Therefore, the proposed transmission
is suitable for the further miniaturization of FWNAVs.

Figure 9. Polymer micromachined transmission and supporting frame
using the photosensitive polyimide adhesive sheets.



B. Evaluation of the transmission

Figure 10 shows the experimental apparatus. The
supporting frame is fixed using the micro vise, and the
forced displacement u, is imposed on the point where the tip
of the piezo bimorph actuator is attached using the micro
needle. This displacement is given statically in order to
eliminate any dynamic effect. The response of the
transmission is shown in Figure 11. This deformation is
similar to that obtained using the geometrically nonlinear
finite element method in Figure 5B. Figure 12 shows the
relationships between u, and ¢, where the black and grey
circles indicate the numerical and experimental results,
respectively, which are close with each other. As shown in
this figure, the transmission can produce the numerically
predicted @ = 42° as the fabrication accuracy increases. It
follows from these results that the proposed transmission
can produce the flapping angle comparable with that of
actual insects from the small translational displacement
given by the micro actuator.
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Figure 10. Schematic of the experimental apparatus.

Figure 11. Response of the transmission for the translational displacement
given by a micro needle.
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Figure 12. Comparison of experimental and numerical results.

IV. CONCLUSION

This paper presented the polymer micromachined
transmission from the small translational displacement
given by the micro actuator to the large rotational
displacement for further miniaturizing FWNAVs. The
proposed transmission used the geometrically nonlinear
bending of the cantilever plate as the basic mechanism. The
significant difference from the previous studies was that the
proposed transmission had the 2.5-dimensional structure.
Therefore, it was fabricated using only the standard
microfabrication steps without any post-assembling. In this
microfabrication, the photosensitive polyimide adhesive
sheet was used. The performance of the proposed
transmission was evaluated numerically and experimentally.
This evaluation demonstrated that the proposed
transmission can produce the stroke angle of about 40°
without any dynamic effect. It follows from these results
that the proposed transmission will contribute the further
miniaturization of FWNAVs.
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