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Abstract: In this paper, we suggest a novel transmission for the DC motor-based flapping-wing micro
aerial vehicles (FWMAVs). Most DC motor-based FWMAVs employ linkage structures, such as a
crank-rocker or a crank-slider, which are designed to transmit the motor’s rotating motion to the
wing’s flapping motion. These transmitting linkages have shown successful performance; however,
they entail the possibility of mechanical wear originating from the friction between relative moving
components and require an onerous assembly process owing to several tiny components. To reduce
the assembly process and wear problems, we present a geometrically constrained and origami-based
spherical six-bar linkage. The origami-based fabrication method reduces the number of the relative
moving components by replacing rigid links and pin joints with facets and folding joints, which
shortens the assembly process and reduces friction between components. The constrained spherical
six-bar linkage enables us to change the motor’s rotating motion to the linear reciprocating motion.
Due to the property that every axis passes through a single central point, the motor’s rotating motion
is filtered at the spherical linkage and does not transfer to the flapping wing. Only linear motion,
therefore, is passed to the flapping wing. To show the feasibility of the idea, a prototype is fabricated
and analyzed by measuring the flapping angle, the wing rotation angle and the thrust.

Keywords: bio-inspired robot; micro aerial vehicle; flapping mechanism

1. Introduction

Flapping-wing micro air vehicles (FWMAVs) have been widely studied due to their
agility and maneuverability in the air. These properties can be applied to the areas of
reconnaissance for military and exploration missions for disaster areas. For example, they
can easily approach tiny cracks at disaster areas or enemy camps without being recognized.

To enable successful working of FWMAVSs, researchers have employed a variety
of actuators such as DC motors [1-19], piezoelectric actuators [20-23], electromagnetic
actuators [24-28], and electrostatic actuators [6,29].

Among these actuators, in this paper, we suggest a novel transmission mechanism
to reduce the assembly process and wear problems for the DC motor-based FWMAVs. In
the case of DC motor-based FWMAVs, most of them use linkage structures to transmit
the motor’s rotating motion to the wing’s flapping motion. These transmitting linkages
have involve the possibility of mechanical wear originating from the friction between
relative moving components and requires an onerous assembly process owing to several
tiny components. Types of the transmissions used for the DC motor-based FWMAVs are
given in Table 1.

Previously, a variety of transmission mechanisms have been employed. Galinski et al.
used a spatial mechanism based on the double Scotch yoke [15]. They proposed to use
spherical type of double Scotch yoke to overcome drawbacks of the planar Scotch yoke.
Oppenheimer et al. and Sahai et al. employed four-bar linkages to change the motor’s
rotating motion to the flapping motion [5,12]. Karasek et al. and Wagter et al. also made
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flapping mechanisms using crank-rocker four-bar linkages [2,4]. Takahashi et al. and
Lau et al. made flapping mechanisms using crank-sliders [1,9]. The sliders enabled the
mechanism to have reciprocating motion of the wings. Ristroph et al. and Gaissert et al.
applied crank-shaft mechanisms [8,11]. The crank-shaft mechanisms converted motors’
rotating movement into an oscillating movement of the wings. Roshanbin et al. proposed a
flapping robot, COLIBRI, by combining four-bar linkage and a slider-crank mechanism [16].

Table 1. Transmission mechanisms used for DC motor-based flapping-wing micro air vehicles (FWMAVs).

Mechanism Types Possibility of Mechanical Wear Difficulty of Assembly Transmission Efficiency
Scotch-yoke [15] Yes Dexterity is required (rotating irll_l(i)il; direction)
Cré?ét;(l)zl](er Yes Dexterity is required (rotating if (i)il; direction)
?;gr,l‘;(,_lsll,i;ig]r Yes Dexterity is required (rotating irll_I (i)iz direction)
ét;?%:?;—sleg] No Dexterity is required (rotating irll_I (i)ilg direction)
Proposed mechanism No Easy High

(rotating in one direction)

Direct drive [10,14]

No Easy Low (vibrate back and forth)

To reduce the mass and complexity of the transmission structures, some researchers
suggested a string-based flapping mechanism or direct-driven mechanisms [7]. Keen-
non et al. and Gong et al. used string-based flapping mechanisms [3,13]. KUbeetle [17-19]
mixed four-bar linkages and a string-based pulley mechanism. The string-based trans-
mission enabled the prevention of mechanical wear and fracture of moving parts. The
direct-driven mechanisms enabled the extreme reduction in the mechanical structures for
transmission [10,14]. The direct-driven mechanisms achieved a high lift-to-weight ratio by
resonating the system.

In this paper, we suggest a novel transmission mechanism to reduce the assembly
process and wear problems for the DC motor-based FWMAVs. To make this possible,
two design approaches have been utilized: origami-based fabrication and geometrically
constrained spherical six-bar linkage. The origami-based fabrication method reduces the
number of relative moving components by replacing rigid links and pin joints with facets
and folding joints, which shortens the assembly process and reduces wear problems [30,31].
The geometrically constrained spherical six-bar linkage enables the change in the motor’s
rotating motion to the linear reciprocating motion. Due to the property that every axis
passes through a single central point, the constrained spherical six-bar linkage filters the
rotating motion of the DC motor and passes only linear motion to the flapping wings. Using
the proposed design approaches, a novel flapping mechanism is made as shown in Figure 1.

Figure 1. The developed prototype FWMAYV based on flapping mechanism using a constrained
spherical six-bar linkage.
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This paper is organized as follows: The design section describes the concept of the
flapping mechanism and the working process of the origami-based constrained spherical
six-bar. To precisely investigate the mechanism and to select the proper geometric parame-
ters, a three-dimensional kinematic model has been made. Furthermore, an experiment has
been conducted to check the feasibility of the developed flapping mechanism by measuring
the flapping frequency, angle, wing rotation angle and thrust.

2. Design

The overall design is shown in Figure 1. A DC motor is located at the top of the
mechanism and the shaft is connected to the spur gear. The spur gear plays a role as
a crank. The connecting rod connects the crank and the spherical six-bar linkage. The
spherical six-bar linkage transmits the motor’s motion to the flapping wing.

2.1. Flapping Mechanism

One important point is that only linear motion should be transmitted to generate
the flapping motion of the wings. To make this possible, one end of the spherical six-bar
linkage is fixed at the body frame as shown in Figure 2g. This constraint filters the rotating
motion of the motor and transmits the linearly reciprocating motion only, which is shown
in Video S1. By using this working principle, a successful flapping motion can be achieved
without mechanical parts that cause friction problems.

, passive hinge

spherical
" six-bar

Figure 2. Snapshots of the moving process of the transmission. From (a—f), the mechanism shows
upstroke. From (g-1), downstroke is shown.

To generate the thrust in the end, a wing rotating motion is necessarily required. To
achieve the wing rotating motion, passive hinges are employed as shown in Figure 2c.
The passive joints are positioned between the output of the transmission and the wings.
The passive hinges are parallel to the spanwise direction and have a joint-stop to prevent
excessive rotation. Overall, the system has three degrees of freedom—flapping actuation
and two passive hinges for wing rotation.

Flapping motion is achieved by the constrained spherical six-bar linkage shown in
Figure 3, which is the key enabling technology of the proposed mechanism. Generally, the
spherical six-bar linkage has complex structures due to many joints, links, and axes. The
spherical six-bar linkage shown in Figure 2 is designed using an origami-based pattern and
fabricated through a layer-based method: smart composite microstructures (SCM). This
process provides lightweight structures by replacing pin joints with flexures and finally
enables us to achieve spherical six-bar linkage by folding a paper just three times.

Figure 3 shows the pattern for the origami-based spherical six-bar linkage. All axes of
the flexures pass through a single point and rotate around the point. The spherical six-bar
array is installed between the wing and the crank as shown in Figure 2. The spherical
linkage acts as a mechanical filter, which transmits only linear motion to the wings. This
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is possible since one end of the linkage is constrained. The motor and the cranks make
the rotating motion. When this rotating motion passes through the spherical linkage, the
horizontal motion is absorbed by the spherical linkage but the vertical motion is transmitted
to the wing.

center of rotation

V & s

Figure 3. Snapshots of the origami-based spherical six-bar linkage. All axes of the flexure joints

(folding line) pass through the rotation center indicated in (d). The pattern is folded from (a-g). The
backside of the pattern is shown in (h).

Depending on how we choose to constrain the direction of the axis, the direction
of the output motion can be differed. In our case, we need a flapping motion vertical
to the motor’s axis. Therefore, the axis constrained has been determined as a direction
perpendicular to the span wise direction, which is equal to the direction of the motor’s axis.
Figure 2 shows how the constrained spherical six-bar works.

2.2. Fabrication

The proposed mechanism has been designed to have wingspan of 125 mm, which
is referred to as the size of a beetle [32,33]. The beetle has appropriate size and mass,
considering our fabrication capacity—the machining resolution is about 500 pm and
this resolution is not enough to make micro-scale flappers. The body has the size of
20 mm x 10 mm X 10 mm and the whole mechanism weighs 5.7 g. Its planar design is
shown in Figure 4B, which consist of twenty joints and eighteen links. To manufacture and
assemble these tiny and complex kinematic structures using conventional pins and links
needs much effort and the structure tends to be heavy because of the increased number
of components.

alignment hole

~

" Rigid layer " Adhesive layer Il Flexible layer

Figure 4. (A) The process of smart composite microstructures (SCM). The rigid layer with the
adhesive is prepared (a). The joints are selectively cut by the laser machine (b). The flexible layer (rip-
stop fabric) is sandwiched between two rigid layers (c¢,d). (B) The manufactured flapping mechanism
before assembly. The mechanism is assembled by folding the flexible joints.
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To avoid these issues, the SCM process is applied [30]. The SCM process replaces the
conventional pin joints and links with the flexure joints and composite links. In Figure 4,
the whole fabrication process is shown and described. For the proposed mechanism, a glass
fiber board (200 pum thickness) is used as the rigid links and the rip-stop fabric (200 pm
thickness) is employed as the flexure joints. The flapping wings are also designed to be
manufactured through the SCM process with the body frame. The wing has the size of
50 mm x 20 mm and includes glass fiber supporters to prevent unwanted bending induced
by air resistance during flapping, which is shown in Figure 4B. For the wing membrane,
25 um polyimide film has been applied. Due to the SCM process, the whole mechanism
weighs 5.7 g and the mass budget is shown in Table 2.

Table 2. Mass Budget.

Components Quantity (ea.) Mass (g) Ratio to Overall Mass (%)
Flapping wing 2 0.12 421
Motor 1 39 68.42
Transmission 2 0.24 8.42
Body frame 1 1.08 18.95
Total - 5.7 100.0

3. Mechanism Analysis

Kinematic modeling is done to determine lengths of links and accordingly get the
desired performance—stable flapping posture and high thrust. To achieve the desired
performance, two conditions must be satisfied. First, the flapping angle output should be
symmetric to prevent pitch torque. Second, in order to maintain the angle of attack (AoA)
and gain sufficient momentum, the upstroke and downstroke speed need to be as equal
as possible. If the above two conditions are satisfied, the relation between the input crank
angle and the output flapping angle has an ideal cosine curve as shown in Figure 5. In
Figure 5, an optimized case and an arbitrary case are given. To satisfy the two required
conditions, the flapping mechanism needs to be designed so that the flapping angle curve
passes through the point g, b, ¢ and d. To investigate the geometrical requirement to fulfill
the conditions, kinematic modeling and analysis have been done.

220\ rd
W Non-optimized case K4
‘\"\‘ Ideal case (cosine curve)
|\ ™ "a” position
200 A\
= Ideal “d" position
(@] .
<]
2 i
=180 s */
= Ideal “b" position; '/
3 3y '
S] A1 IS
160 - 0" p&sitior{"'._ Sl pésition
\\"¢” position
140 N P ,
0 90 180 270 360

input(deg)

Figure 5. The secondary condition. A non-optimized case and an ideal case are simultaneously
shown to compare the difference.
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3.1. Kinematic Modeling

For three-dimensional analysis, the spherical coordinate system is employed as shown
in Figure 6. Based on the coordinate, a vector loop formula is derived as follows:

T 4+Lls+Llo+L =G Q)
cos 6 cos 6, sin ¢3 cos 6 sin ¢4 G

r| sinfy | +L3| sinfy | +Ly| singssin€y | + Lg 0 = 0 (2)
0 0 cos ¢3 COS Py —d

where r, L1, L, and L3 are the length of the crank, the output link, the connecting rod, and
the spherical bar, respectively. The angle parameters such as 601, ¢4, 0>, and ¢3 are indicated
in Figure 6.

Figure 6. The vector loop of the constrained spherical six-bar transmission for the kinematic analysis.
Diagonal view (A,B) and x-z plane view (C).

For the first condition, the transmission needs to be designed for the wings to have a
symmetric flapping angle, £40°, from the neutral position. When applied to this kinematic
modeling, the highest and lowest values of ¢4 based on the neutral point (¢4 =180°) are
generated as 180° + 40° and 180° — 40°, respectively.

G
[5] o
—d

1 1 sin ¢3 sin(180° +40°)
r| 0| +Ls| 0 |+Ls 0 + L 0

0 0 cos ¢3 cos(180° +40°)
-1 1 sin ¢ sin(180° — 40°) G

0 +L3| 0 | +Lo 0 + L 0 = 0 4)
0 0 Cos ¢3 cos(180° — 40°) —d

Based on the Equations (3) and (4), the relation between L, and L3 is given as follows:

2 2 r 2
" =(G—Ls)"+ (tan40° B d) ®)
The secondary condition is to make the neutral of the crank and the neutral of the
wing equal. In order to get the thrust during a wing-beat cycle, the key is to maintain the
angle of attack (AoA) of the wing. Theoretically, when the equal shape and speed of the
wings are given, 45° is the proper AoA for the maximum thrust [34].
In order to maintain the AoA, the wing angular velocities of upstroke and downstroke
need to be as symmetrical and constant as possible. This condition is indicated in Figure 6,
which shows the relation between the flapping angle and the crank angle. When the curve
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corresponds to the ideal cosine curve, the condition is satisfied. In Figure 6, the output
flapping angle is 7t when the crank input angle is 71/2 and 37/2. That is, it is preferable that
the path length is the same as the path length between the highest point and the neutral
point (from the point a2 and b) and the path length between the neutral point and the lowest
point (from the point b to c).

0 cos Oy, sin ¢3;, cos By, 0 G
r|{ 1 | +L3| sinfBy | +Ly| sings,sinby, | +Ly| O = 0 (6)
0 0 cos ¢3p -1 —d
0 cos 0>, sin ¢34 cos B4 0 G
r| =1 | +L3| sinfp; | +Ly| singzysinfy; | +Li| O = 0 7)
0 0 COS P34 -1 —d

where ¢, = ¢34, Oop + 025 = 271. 05 and 6, are when 60; is in point b and d, respectively,
as shown in Figure 6.

Based on the Equations (6) or (7), the relation between L, and L3 is given as follows:
(Ls + Lasin sy or 30)° = G* + 17 ®

Ly cos Pz or 3¢ — L1 = —d )

The term, cos ¢z}, oy 34, is eliminated from the Equations (8) and (9). In result, following
equation is given:

L, = \/(\/G2+r2L3)2+(L1d)2 (10)

By using the two conditions—Equations (5) and (10)—optimized geometrical values
can be determined.

3.2. Parameter Selection

Considering the whole size of the flapping mechanism, L1, G, d and r are initially
determined as 10.11 mm, 22.75 mm, 4.5 mm, and 6.5 mm, respectively. Figure 7a shows the

change in the output flapping angle according to the length ratio of L, and L3 to the crank
length r.

220 — . ‘ :
---ideal cosine 182 S ideal cosine
L2=3.53r,L.3=0.00r Mg, L2=3.53r,L3=0.00r
L2=3.26r,L.3=0.28r 180 | : L2=3.26r,L.3=0.28r
L2=2.76r,L3=0.79r .——L2=2.76r,L3=0.79r
200 L2=2.26r,L3=1.29r 178 L2=2.26r,L3=1.29r
L2=1.78r,L3=1.79r - L2=1.78r,L3=1.79r
= ! - = = N L2=1.30r,L3=2.
> L L2=1.30r,L3=2.30r D 176 O 30r,L3=2.30r
2 \ . =
- 180 A4t —
2 \ 3174
= \ 2
5 R\ ©172
160 170
A 168 B
140" 2 S L 166
0 90 180 270 360 80 85 90 95 100
input(deg) input(deg)

Figure 7. (A) Simulated output flapping angle vs. input crank angle by varying L, and L3. (B) The
magnification of the rectangle indicated in (A).

In Figure 7b, as L, increases and L3 decreases, the curve becomes similar to the ideal
cosine. The case when L, is 3.53 r and L3 is 0.00 r is the closest one. However, it is difficult
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to make a certain link length zero because of realistic problems such as material thickness,
or inter-part interference. Therefore, L, and L3 are determined as 8.38 mm (=1.30 r) and
14.72 mm (=2.30 r), respectively, which correspond to the yellow line in Figure 7.

4. Experimental Results

To check whether the proposed transmission and the flapping mechanism properly
works or not, experimental tests have been done. By using the high-speed camera, the
flapping angle, frequency, and wing rotation angle are observed. In addition, the thrust is
measured using a load cell to investigate the performance of the flapping mechanism.

4.1. Flapping Mechanism

Figures 8 and 9 show the snapshots during flapping. The snapshots are taken by a
high-speed camera with the frame rate of 900. To investigate the flapping angle and the
wing rotation angle, the mechanism is filmed from the top and side. To operate the flapping
mechanism, 3.8 V and 580 mA are given to the DC motor. Based on the Figures 8 and 9 the
mechanism operates with the flapping frequency of 23 Hz.

Figure 8. Snapshots while flapping at 23 Hz. A high-speed video of flapping, taken at 900 fps. Flapping angle can be
measured from the top view.

The flapping angle is shown in Figure 8. For the right wing, the flapping angles are
measured as +42° and —37° with respect to the neutral point; 50° and —36.5° are measured
in case of the left wing. This result is confirmed through Figure 10. Figure 10 shows the
flapping angles depending on the crank angle. The left wing has flapping angle range of
86.5° (141.5°~228°) and the right wing has 77° (144°~223°). There exists a 10° difference
between two wings. The difference may occur due to the problems coming from fabrication
and assembly issues.
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Figure 9. (A) Side view of the flapping mechanism at 23 Hz, taken at 900 fps. (B) Wing rotation angle can be measured.

2401

230 — ldeal case (cosine curve)
) — Left wing

220 — Right wing

210

200

190

180

170

Flapping angle (deg)

160

150

L i

140 J - : : ~
0 50 100 150 200 250 300 350

Crank angle (deg)

Figure 10. Comparison of flapping angle between the experimental case and the ideal case.
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As previously said, in terms of overall trend, is it preferable that the relation be-
tween the flapping angle and the crank angle is close to the ideal cosine curve. However,
Figure 10 shows the substantial difference between the experimental results and the ideal
cosine curve. Especially for the upstroke, the gap between the experiment and the cosine
curve tends to increase. In addition, the upstroke requires much time, compared to the
downstroke. This can be explained by fabrication tolerance. This tolerance induces the
flexures to make delay when they transmit the motion. During the upstroke, therefore, the
motor’s motion is transmitted with delay. However, in case of the downstroke, the facets
structurally help to transmit the motor’s motion and accordingly the delay does not occur.

4.2. Thrust

To check whether the proposed transmission properly generates the thrust or not,
force measurement has been done. The data are collected through a load cell shown in
Figure 11, sampled with the rate of 1000 Hz and filtered with the cut-off frequency of
100 Hz. The filtered data and the averaged data are given in Figure 12. The average thrust
is measured as 2.34 gf (=22.9 mN) at the flapping frequency of 23 Hz.

~.—— Amplifier

Load cell
Flapping

mechanism

Figure 11. Experimental setup. A load cell has been used to measure the thrust. The signal goes to
the amplifier and the amplified data are logged to the PC.

T T e T
0000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time(sec)

thrust force(gf)
N B
o O O
=
=
=
=
Lm———
—
L=
=
=
—
=

|
1

‘—Filtered Data - --Average thrust force‘

Figure 12. The measured thrust. The low-pass filtered data (solid line) and the average value (dashed line) are given.

The thrust is successfully generated since the wing rotation angle is observed as we
intended, which is shown in Figure 11B. For the wing rotation, a passive hinge has been
applied to get an additional degree of freedom. The stoppers, however, have been added
to prevent the excessive wing rotation. As a result, an angle of attack (AoA) of about 45°
has been observed as shown in Figure 11B. This AoA maintains during both the upstroke
and downstroke. Consequently, the thrust can be generated.
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5. Conclusions

In this paper, we proposed a novel transmission to reduce the assembly process and
wear problems for DC motor-based FWMAVs. To make this possible, a geometrically
constrained and origami-based spherical six-bar linkage has been suggested. The origami-
based fabrication method reduces the relative moving parts such as pin joints and sliders,
which resolves mechanical wear problems and assembly issues. The constrained spher-
ical six-bar linkage passes only necessary motions by filtering the DC motor’s rotating
movement. Therefore, the linearly reciprocating movement is transferred and the flapping
motion is successfully made. To demonstrate the feasibility of the proposed concept, flap-
ping tests have been done to investigate the flapping angle, the wing rotation angle, and
the vertical thrust. As a result, the suggested mechanism has shown a flapping angle of
about 80°, a 45° wing rotation angle, 23 Hz of flapping frequency, and 2.34 gf (=22.9 mN)
of the vertical thrust. Although the thrust is not enough to take off, we confirmed that
the constrained spherical six-bar linkage successfully works as a transmission for the DC
motor-based FWMAVs.

Supplementary Materials: The following are available online at https://www.mdpi.com /2076-341
7/11/4/1515/s1, Video S1: Working process of the constrained spherical six-bar.
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