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Supplementary Material

1 CALCULATION OF FLAPPING SPEED BASED ON CRANK MECHANISM

In this section, we calculate the flapping angle equation for the time of the flapping device. Here, we
consider the crank mechanism of one of the flapping devices. Figure KTA shows the crank mechanism of
one side of the flapping device. Point O is the central point of the flapping, and point A is the center of the
gear rotated by the motor. The motion of the motor causes link AB to rotate and link OC to move up and
down. The rotation of link AB is converted into the vertical motion of link OC by link BC.

Now, we define the origin at point O, the X-axis as horizontal to the ground and toward the wingtip, and
the Y-axis as vertical to the ground and upward. Link OA is fixed, so the position of point A is unchanged.
As shown in Figure §1B, we set the length of link AB to be [4p, link BC to be /g, and link OC to
be lpc. We define ¢ as the angle that link AB makes with the X-axis, i.e., the angle of rotation of link
AB. We define ¢ as the angle linking OC with the X-axis, i.e., the flapping angle. In both angles, the
counterclockwise rotation is positive. In this study, we rotated link AB at a constant velocity of 32 Hz.
Therefore, if the initial angle at ¢ is 0, the ¢ after t seconds is

2m
v =5t (SD)

When the position of point A is (x4, y4), the position of point B is (zp, yp), and the position of point
Cis (z¢,yc), we have

(zB,yB) = (za+lapcosy, ya+lapsiny) (52)

(zc, yo) = (loccosy, locsing). (S3)

Since the length of the link BC is constant, it follows that

3¢ = (z¢ =)’ + (yo —yp)?
= (loccosp —za —lapcost))® + (locsing — ya — Lapsine)?
= o+l +wa” +ya®
—2locracosp + 2l4px A cos — 2loclap cos e cosy
—2locyasinp + 2lapyasiny — 2lpclap sin psin . (S4)

When a = tan £, we have

2

1—a
= S5
cos ¢ a2 (S5)
2a
i = ) S6
sin ¢ Tt a? (S6)
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By substituting this into the equation S84, we obtain

he = lpo+lp+ra>+ya®
21 L-a® o W — 2ol Lo W
— x T A COSY — cos
OCTAT 3 ABTA oclABT 5
a . 2a
—2locya T2 4+ 2laByasiny — 2lpclap Tt a? sin 1. (S87)
Multiplying both sides by (1 + a?), we get
lbe(l+a®) = (b +lp +wa” +ya®)(1+a%)
—2ocra(l —a?) + 2w 4 cos (1 + a?) — 2loclap(1l — a?) cosp
—2locya(2a) 4+ 2lapyasiny(1 4 a?) — 2loclap(2a) sin . (S8)
This can be rewritten as follows:
0 = (Bo—130—145— 14> —ya® —2ocza —2apracosty — 2oclap cosh — 24y siny)a’
+(4locya + 4loclapsini)a
Hpo —loe — Uip — xa”
—yA2 + 2locxra — 2lapr A cosY + 2loclap cos — 2oy A sin . (S9)
Where «, 3, and y are defined as follows:
a = lpo—lpe—Vip —xa> —ya®
—2lpcrs — 2lapracost) — 2pclap cosy — 2l 4y siny (S10)
= 4dlocya +4loclapsiny (S11)
v o= lpe—ldc—lip —wa” —ya®
+2locxrs — 2lpapracos) + 2loclap cosy — 2Ly siny, (S12)

the equation can be solved by using the quadratic formula:

_ 2 _
o= PE Vzi doy. (S13)

Because of a = tan £,

—B+./82 -4
o = 2tan~! ( fEvDh ‘”) . (S14)
2a
Since  ranges from —% <p< % because of the structure of the mechanism, ¢ is limited to the following:

o = 2tan™] (‘5 S 4‘”) | (S15)

The parameters used in the above calculations take the values of table ST in this study.




Symbol | Value [mm]
Tq 6.00
Ya -12.59
lap 2.50
lpc 10.40
loc 7.60

Table S1. Values of each variable in this study.

Substituting the values in equation 81 and table K1l into the equations S10, ST1I, ST2, and 815, we obtain

76 76 478422 o1 _ 591581 oy, 2415581\ _ 47842
125901 + \/(1259‘71 t25-) + (802 + 3 — Tgoon ) (27202 — F + Ht) — s

p = 2atan =
136 09 — 1_(1) + 24510505081
(S16)
where o1 and o3 are introduced to simplify the equation and are defined as follows:
o1 = 1259 sin (64 7¢) (S17)
og = cos(647t). (S18)

Now we obtained the change of ¢ with respect to time.

Using the calculation software (MATLAB; MathWorks, Inc.), the angle ¢, angular velocity ¢ and
angular acceleration ¢ are calculated as shown in Figure 82, 83, and 84, respectively.

1.1 Figures and Table

Figure S1. The flapping crank mechanism in this study. (A) Correspondence between the flapping device
and the crank. (B) Definition of each point and angle in the crank mechanism.
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Figure S2. Graph of flapping angle ¢ relative to time .
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Figure S3. Graph of flapping angle velocity ¢’ relative to time t.
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Figure S4. Graph of flapping angle acceleration " relative to time .
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