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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 S1A 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 S1B, we set the length of link AB to be lAB , link BC to be lBC , and link OC to
be lOC . We define ψ as the angle that link AB makes with the X-axis, i.e., the angle of rotation of link
AB. We define φ 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 ψ is 0, the φ after t seconds is

ψ =
2π

32
t. (S1)

When the position of point A is (xA, yA), the position of point B is (xB, yB), and the position of point
C is (xC , yC), we have

(xB, yB) = (xA + lAB cosψ, yA + lAB sinψ) (S2)

(xC , yC) = (lOC cosφ, lOC sinφ). (S3)

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

l2BC = (xC − xB)
2 + (yC − yB)

2

= (lOC cosφ− xA − lAB cosψ)2 + (lOC sinφ− yA − lAB sinψ)2

= l2OC + l2AB + xA
2 + yA

2

−2lOCxA cosφ+ 2lABxA cosψ − 2lOC lAB cosφ cosψ

−2lOCyA sinφ+ 2lAByA sinψ − 2lOC lAB sinφ sinψ. (S4)

When a = tan φ
2 , we have

cosφ =
1− a2

1 + a2
(S5)

sinφ =
2a

1 + a2
. (S6)
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By substituting this into the equation S4, we obtain

l2BC = l2OC + l2AB + xA
2 + yA

2

−2lOCxA
1− a2

1 + a2
+ 2lABxA cosψ − 2lOC lAB

1− a2

1 + a2
cosψ

−2lOCyA
2a

1 + a2
+ 2lAByA sinψ − 2lOC lAB

2a

1 + a2
sinψ. (S7)

Multiplying both sides by (1 + a2), we get

l2BC(1 + a2) = (l2OC + l2AB + xA
2 + yA

2)(1 + a2)

−2lOCxA(1− a2) + 2lABxA cosψ(1 + a2)− 2lOC lAB(1− a2) cosψ

−2lOCyA(2a) + 2lAByA sinψ(1 + a2)− 2lOC lAB(2a) sinψ. (S8)

This can be rewritten as follows:

0 = (l2BC − l2OC − l2AB − xA
2 − yA

2 − 2lOCxA − 2lABxA cosψ − 2lOC lAB cosψ − 2lAByA sinψ)a2

+(4lOCyA + 4lOC lAB sinψ)a

+l2BC − l2OC − l2AB − xA
2

−yA2 + 2lOCxA − 2lABxA cosψ + 2lOC lAB cosψ − 2lAByA sinψ. (S9)

Where α, β, and γ are defined as follows:

α = l2BC − l2OC − l2AB − xA
2 − yA

2

−2lOCxA − 2lABxA cosψ − 2lOC lAB cosψ − 2lAByA sinψ (S10)

β = 4lOCyA + 4lOC lAB sinψ (S11)

γ = l2BC − l2OC − l2AB − xA
2 − yA

2

+2lOCxA − 2lABxA cosψ + 2lOC lAB cosψ − 2lAByA sinψ, (S12)

the equation can be solved by using the quadratic formula:

a =
−β ±

√
β2 − 4αγ

2α
. (S13)

Because of a = tan φ
2 ,

φ = 2 tan−1

(
−β ±

√
β2 − 4αγ

2α

)
. (S14)

Since φ ranges from −π
2 ≤ φ ≤ π

2 because of the structure of the mechanism, φ is limited to the following:

φ = 2 tan−1

(
−β −

√
β2 − 4αγ

2α

)
. (S15)

The parameters used in the above calculations take the values of table S1 in this study.
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Symbol Value [mm]
xa 6.00
ya -12.59
lAB 2.50
lBC 10.40
lOC 7.60

Table S1. Values of each variable in this study.

Substituting the values in equation S1 and table S1 into the equations S10, S11, S12, and S15, we obtain

φ = 2atan

 76
1259σ1 +

√(
76

1259σ1 −
47842
125

)2
+
(
8σ2 +

σ1
20 − 591581

10000

) (
272σ2 − σ1

5 + 2415581
2500

)
− 47842

125

136σ2 − σ1
10 + 2415581

5000

 ,

(S16)
where σ1 and σ2 are introduced to simplify the equation and are defined as follows:

σ1 = 1259 sin (64π t) (S17)

σ2 = cos (64 π t) . (S18)

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

Using the calculation software (MATLAB; MathWorks, Inc.), the angle φ, angular velocity φ̇ and
angular acceleration φ̈ are calculated as shown in Figure S2, S3, and S4, 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 φ relative to time t.

Figure S3. Graph of flapping angle velocity φ′ relative to time t.
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Figure S4. Graph of flapping angle acceleration φ′′ relative to time t.
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