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Abstract: In order to improve the structural form and motion performance of traditional flapping aircraft,
this paper designs a two-stage flapping mechanism based on the flight motion characteristics of small
and medium-sized birds. In order to improve the structural form and motion performance of traditional
flapping aircraft, this paper designs a two-stage flapping mechanism based on the flight motion
characteristics of small and medium-sized birds. In order to improve the structural form and motion
performance of traditional flapping aircraft, this paper designs a two-stage flapping mechanism based
on the flight motion characteristics of small and medium-sized birds. The results show that the minimum
transmission angle of the designed flapping mechanism is yi»=40.26< The flapping range of the inner
wing is 461=49.27 < the upper flapping limit of the inner wing is dmax1=46.08< the lower flapping limit
IS dmin1=-3.18< the flapping range of the outer wing is 45,=82.18< the upper flapping limit of the outer
wing mechanism is dmaxx=90.94< and the lower flapping limit iS dmax=8.76<
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1. Introduction

From the perspective of bionics, flapping-wing aircraft is designed by imitating the flight mode of
birds, in order to improve the flight characteristics of existing aircraft, a new type of aircraft with broad
application prospects. At present, the technology of fixed-wing and rotary-wing aircraft is very complete,
but their flight performance is poor at a small space scale due to the limitation of their own flight
mechanism. The flapping-wing aircraft is different from traditional aircraft in the principle of generating
flight lift, which makes it show the incomparable advantages of traditional aircraft at a smaller scale.
Specifically, compared with traditional aircraft, flapping-wing aircraft has the advantages of high
aerodynamic efficiency, good miniaturization, high control efficiency, diverse application scenarios, and
flexible flight movements, making it a research hotspot at home and abroad.

Therefore, based on the single-degree-of-freedom flapping mechanism, the author designs a two-
stage wing flapping mechanism by adding a second-level rod set to achieve the coupling of flapping and
folding motion, In this way, the flight characteristics of birds can be better simulated, and at the same
time, the problem of overly complicated flapping mechanism caused by increasing the degree of freedom
is avoided.

2. Flapping mechanism design

Considering the flight characteristics of birds and ensuring that the designed flapping mechanism is
relatively simple and reliable, the following restrictions are imposed on the designed flapping mechanism:
1. The degree of freedom of the designed flapping mechanism is one. 2. Simplify the flapping form of
the flapping wing mechanism, so that the flapping wing only reciprocates up and down in one plane. 3.
Ensure that the movement of the left and right wings is a strictly symmetrical synchronous flutter. 4.
According to the flight characteristics of birds, the flapping mechanism should have the characteristics
of rapid return. 5. In order to better imitate the flight characteristics of birds, the flapping wing mechanism
should be a "two-section wing" type. 6. The flapping mechanism designed in this paper is mainly used
for small and medium flapping aircraft, and the maximum wingspan is 800mmt2l,

In this design, a two-rod and three-pair secondary rod group is added on the basis of the double-crank
and double-rocker mechanism to form the flapping mechanism to be designed. A crank-rocker
mechanism is used to provide reciprocating motion when flapping. The two-rod and three-pair secondary
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rod group is respectively connected to the connecting rod of the flapping mechanism and the inner wing
rod through two rotating pairs. The secondary lever group cooperates with the flapping of the crank and
remote lever mechanism to complete the folding action of the inner and outer wings of the mechanism,
and then drives the flapping and folding motion of the wing only by the rotation of the remote lever. The
overall effect diagram of the organization is shown in the figure 1.

F=3n—2P,— Py, 1)

Figure 1: Schematic diagram of the flapping mechanism

In order to make the flapping mechanism have a certain motion [, the free checking of the mechanism
is carried out according to formula (1). In the formula, the number of free members N=3, the number of
low pairs pi=4, the number of high pairs pr=0, and the degree of freedom of the double crank and double
rocker mechanism is one. The degree of freedom of the two-rod and three-pair secondary rod group
connected in series on the crank-rocker mechanism is zero. Therefore, the degree of freedom of the entire
mechanism is 1, and the mechanism has a definite movement in the presence of an active member.

3. Kinematics analysis of flapping mechanism
3.1. Dimensional design of each component

Since the whole flapping mechanism is completely symmetrical with respect to the central axis, one
side of the wing is selected to design the size of the mechanism rods. The motion diagram of the unilateral
flapping mechanism is shown in Figure (2). First, design and calculate the size of each rod in the inner
wing mechanism. Figure (3) is the principle diagram of the inner wing crank-rocker mechanism, In the

figured, = cos™! %) 0 is the swing angle of the CD rod, that is, the swing angle of the inner wing

mechanism, and a, b, and c represent the lengths of the rods AB, BC, and CD respectively, and d
represents the distance between the rotating pair A and the rotating pair D.

Figure 3: Schematic of the inner wing mechanism
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Figure 5: Inner wing mechanism upper limit position

Figures (4) and (5) show the extreme position where the rod AB and the rod CD are straightened and
co-linear, and at this time y,,,, and ¥, Min are the maximum or minimum value of the transmission
angle of the mechanism in one motion cycle. ¢...and o,..are the upstroke angle and the downstroke
angle of the flapping mechanism, respectively, and the absolute value of the difference between the two
angles is the swing range of the rocker. The absolute value of ¢, and ¢,between the two angles is the
pole angle of the flapping wing mechanism. The value of LB represents the distance of the leftmost
endpoint from the center plane. According to the geometric relationship, the above parameters can be
calculated by formulas (2)~(5).

N K R ) e
Prmax = T h o )
) 7COS,[(bfa)2+C2*d2} ( )
min 2bC

2 2 2
Ouin = ‘COS’] {M} —5,

2-c-d 3
oo [0 ®
max 2'C'd 0
@+ br+ar—c?
¢, = cos —2~(a+b)-d .
- 71{(b7a)2+d27()2} ()
§2 =008 2-(b—a)-d
Ly=(a+b)-sin(dy+ 6 —90°) 5)

After each angle value is obtained, the pole position angle ¢ of the flapping mechanism, the stroke
speed ratio coefficient K, and the flapping amplitude Ad can be calculated according to formulas (6)~(8).

DS = O — Oumin (6)

== @)
180" +¢

K=180= 0 (8)
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To analogize the movement of medium-sized birds in flight, take the flapping amplitude as
Omax — 47°, the upper flapping angle as J.,;, = — 3°, and the downward flapping angle as ymi, = 45°.
In order to ensure that the mechanism has good performance of transmitting force, the minimum
transmission angle is taken as about , and the travel speed ratio coefficient is about K=1.2. Simultaneous
formulas (2), (3), (4), (5), (6), (7), (8) are solved by using the fsolve function for solving nonlinear
equations in MATLAB B, rounded After processing, the motion parameters of the flapping mechanism
are obtained as shown in Table 1:

Table 1: Mechanism parameter values

Institutional parameters parameter design value
crank a 12mm
connecting rod b 19mm
rocker ¢ 29mm
distance D 31lmm
Horizontal distance between racks | 16mm
rack angle 69°

The rounded data is brought into the formula to calculate a series of motion parameters of the designed
flapping mechanism, as shown in Table 2:

Table 2: Mechanism kinematic parameter values

Institutional parameters parameter design value
Upstroke limit angled,nax 46.08°
Throw down limit angle Jyin -3.18°
Flutter amplitude 40 49.27°
form ratio coefficient K 1.13
Minimum drive angle Ymin 40.26°

The difference from the pre-designed motion parameters is small, and the length of the inner wing is
designed to meet the design requirements of the flapping mechanism. According to the overall design
requirements of the flapping mechanism, the size and related angles of the outer wing rods are designed.
According to the wingspan of the flapping mechanism, B=800mm, and the half-span length of the
flapping mechanism is B/2=400mm. The ratio of the extension length, take the length of the inner wing
rod=112mm. The design of the four-bar mechanism is that BCEF is a parallelogram, and the relevant
dimensions of each outer wing bar are calculated as follows:

Table 3: Mechanism parameter values

Institutional parameters parameter design value

Span B 800mm

inner wing ., 112mm

Inner wing stem outreach 1/, 83mm

outer wing /. 288mm

Auxiliary rod 1, 112mm

Auxiliary rod 1., 19mm
flapping angle 75°

3.2. Institutional Location Analysis

A plane rectangular coordinate system is established with the position of the rotating pair connected
with the crank of one side of the mechanism and the frame as the origin, and based on this, a schematic
diagram of the mechanism motion is drawn as shown in Figure (6). The distances and angles required
during the analysis are shown in the figure.
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Figure 6: Sketch of unilateral flapping mechanism
Vector equations in four-rod mechanism ABCD
L+ 1,=1,+1,
Project the vector equation to each coordinate axis and express it in coordinates to get

{xc = x5+ 1,co080, = xp — [;c086;
Ye=yp T Lsin0, =y, —I;s5in0,

Where B point coordinates can be expressed as
{x,f =1I,cos ()

v = Lsin (1)

©)

(10)

(11)

Simultaneous formulas (9)(10)(11) can solve the unknowns 8, and 03, in order to simplify the

calculation, the equation system solution method is now transformed, and the angle is taken as

W= arctan(yD Vs ey — x,g)

Then simplify 6, to
0,=w+ ZCBD

InABCD, it can be obtained from the cosine theorem

ACBDCOSI{bz‘F(yByD)2+(xBXD)Zl32}

212\/(%5 —¥p) 2+ (x5 —xp) :

That is, the 6, value can be

Xp — Xp

6, = arctan(yD - ya) + cos™! {lzz + (s — ) ’+ (xz — xp) P — 132}
212\/()’5 - J’D) : +(XB - XD) 2

At this time,the obtained 6, value is brought into equation (10) to get

0. =sin"! (yn — VB *I2Sin'92>
, = ZD JB 25 72
3 L

At this time, the positions of point C and point E can be expressed as

{xC =xp+ [,c0s86,
Ve = ys +[,c0860,

{xE =x¢ + (54 15)cos O,
ye=yc+ 5+ 15)sinb;

The G point is expressed in coordinate form as

{xc = x; +15c08 (05 —p)
Y6 = Ve — Iysin (B — 7)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

where y is a fixed value, and the unknowns in the system of equations are 6, in the closed

quadrilateral BCEF, the column vector equation

Iodls=1s+ 14414
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In the form of coordinates, we have

{xp = x5+ lscos0s = xc + (I; + I5)cosOs + [,cos 0, (21)

Vi = Yy +1ssinds = yc + (I, + I5)sinf; + [;sin b4

There are 8sand 6,two unknowns in the formula, which 685 can be expressed as the difference of
the two angles using the same method, namely

. =¢— L EBF (22)
In equation (21)
@ = arctan (H) (23)

</ EBF can be obtained from ABEF

2 _ 2 _ 272
AEBFCOS{Z(» + (e —ys) t(xE Xz) 217 } (24)
216\/()@ - J’B) + (xg — x5)
0, can be solved, as
_ Vs — Yo + lesinOs — (15 + I5)sin 0,
0s = arctan <x5 e+ 1,c080s — (s + 15)cos 0, (25)

Put each parameter value into the above formula and use MATLAB to calculate and draw the change
graph of the angular position of the inner and outer wings of the flapping mechanism with time, as shown
in Figure (7).
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(a) Inner wing angle position (b) outer wing angle position

Figure 7: Inner and outer wing angle position diagram

As can be seen from Figure 7, the flapping range of the inner wing mechanism is about 50< of which
the upper flapping limit angle is about 46< and the lower flapping limit angle is about -4< the flapping
range of the outer wing mechanism is about 83< of which the upper throw limit angle is about 89< and
the lower throw limit angle is about 7< In general, the angular position of the flapping mechanism of the
inner and outer wings meets the design requirements of the flapping mechanism and has good motion
characteristics.

3.3. Speed Analysis

The main purpose of the velocity analysis of the mechanism is to find out the velocity variation law
of the inner wing rod and the outer wing rod, that is, to solve the angular velocity of the DE rod and the
EG rod. To solve the swing angular velocity 6 of the DE rod, derivation of both sides of equation (10)
can be obtained at the same time

{ %5 — 1,0,sin0, = 1,0,sin 6,

; . 26
y5 +1,0,c080, = — 1505c08 05 ( )

In the formula (26)
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X5 = - lLowsin(w;t)
}}B:llwlcos(wlt) (27)
Simultaneous formulas (26) and (27) can be solved
o Xz 1 yptan0;
> 1,(sin@, — cosH, tanb,)
Xz 1+ yptand, (28)

3T 15 (sinf; — cosO5tan ;)

Solving for the swing angular velocity of the EG rod, derivation of both sides of equation (21) can be
obtained

{xF =ity — l0ssin0s = 5 — (I, + 15) O55in 05 — 1, 05in 6,

el , : ; (29)
Vi =5+ 1405c0805 = yc + (I3 + I5) 050803 — [;0,c08 O

In formula (29)

{xC = - aylisin (1) — 1,0,sin 0,

Ve =yl cos (1) — 1,0>c08 6,

(30)

In order to make the calculation result concise, here we set

{ A=5y— 5c+ (s + 15) 0;sin 65

B=yy— ye— (5 +15)05c080, (31)

Simultaneously (29)(30)(31) can be solved

- A+ Btanf

" Is(sinfs — cosfstanby)
- A+ Btands

" 1;(~sinfs + cosfstanbs)

0s

(32)

O

The relevant parameters are put into the above formulas, and MATLAB is used to calculate and draw
the change graph of the speed of the inner and outer wings of the flapping mechanism with time, as
shown in Figure 8.

Inner wing angular velocity

outer wing angular velocity

"o 05 1 15 2 25 0 05 1 15 2 25 3

(a) Inner wing angular velocity (b) outer wing angular velocity

Figure 8: Inner and outer wing angular velocity diagram

It can be seen from the figure that the maximum flapping speed of the inner wing of the flapping
mechanism is about 6.5rad/s during the flapping process, and the maximum flapping speed of the outer
wing during the flapping process is about 9.8rad/s. In general, it can be seen from the figure that the
velocity curves of the inner and outer wings of the mechanism are relatively smooth as a whole without
sharp points, indicating that the movement of the inner and outer wings of the mechanism is relatively
stable.

3.4. Acceleration Analysis
The purpose of the acceleration analysis is to find the relationship between the motion acceleration
of the inner and outer wing rods and the angular position, the angular acceleration of the DE rod and the

EG rod, first solve the angular acceleration of the DE rod, and derive both sides of the equation system
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(26) at the same time.

%5 — 1,60,sin0, — 1,60,2cos 0, = 1,0;sin0; + 1,0, cos b,
Vgt 1,0,c080, — 1,0,%5in0, = — 1;05c08 05 + L,02sin 6,

Xy = - w*l,cos (o)
Vg =~ lsin(w1)

In order to make the calculation results more concise, here we set
C =3y — 1,0,2c080, — 1052 cos 0,
D=3, —1,0,%sin0, — 1,0,?sin0,
Simultaneous formulas (32) (33) (34) are solved

C + Dtan0,
1, (sin@, — cos O, tanHs)
o C + Dtané,
"~ 1,(sin0; — cosOstan6,)

6, =

3

(33)

(34)

(35)

(36)

Solving for the angular acceleration of the EG rod, taking the derivatives of both sides of the equation

(29) at the same time, we can get

55 — 15058005 — [;052c08 05 = ¥ — lop055in 03 — [ 0,2c08 05 — 150505 — 1052 c0s O
Vu — ls05c0805 — [405>8in0s = o + Loy 038005 — s 0520803 — L0508 05 — [p-0>sin b

Xe=Xp— lzézSinf)z — 1292200502
Ve = 5 — ,0>c0860, — 1,0,7sinb,

In order to make the calculation results more concise, here we set

E =535 — ¥c+ lgBssin0s 4 1o 0200805 — 14052 cos 05 + 1,02 cos O
F =35 — o — lep05c0805 + I0,2sin 605 — 1,052 c0s 05 — I, 04%sin b,

Simultaneously (37) (38) (39) three equations are solved

b— E + Ftanf,
> 14 (sin@s — cosOstanbs)
3 E + Ftand,

6= 1, (sinfs + cosOstands)

37)

(38)

(39)

(40)

Bring the relevant parameters into the above formulas and use MATLAB to calculate and draw the
change graph of the acceleration of the inner and outer wings of the flapping mechanism with time, as

shown in Figure 9.
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Figure 9: Inner and outer wing angular acceleration
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It can be seen from the figure that the acceleration of the inner wing of the flapping mechanism has
multiple extreme values in a flutter cycle, and the maximum acceleration velocity is about 70rad/s?; the
acceleration of the outer wing has multiple extreme values in a flutter cycle. Extreme value, where the
maximum flutter speed is around 850rad/s?.

4. Kinematics simulation of flapping mechanism

In order to verify the correctness of the kinematic analysis in Section 3,this section uses ADAMS
software to simulate and analyze the flapping wing mechanism. According to the relevant dimensions of
the inner and outer wings of the flapping mechanism, the corresponding three-dimensional model is
established in the SolidWorks software, and the built model is imported into the ADAMS software, and
the ADAMS simulation model is obtained as shown in Figure 10.

Figure 10: Simulation diagram of flapping mechanism

According to the design requirements, set the part material and add the kinematic pair and driving
force at the corresponding position. Take the flapping frequency of the flapping mechanism as 4 Hz, and
the given pinion speed is 1460r/min. After the gear is decelerated, the crank rotation speed is 2z radls .
ADAMS simulation was carried out to obtain 6 sets of data of kinematic parameter changes of the inner
and outer wings of the mechanism during the simulation operation, and compared with the theoretical
calculation values. The comparison curves of the kinematic parameters of the inner wing and the outer
wing in two cycles are shown in Figure 10
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Figure 11: Comparison of theoretical calculation and ADAMS simulation output parameters

It can be seen from Fig. 11 that the variation curve of the motion parameters of the flapping wing
mechanism obtained by ADAMS simulation with time is basically consistent with the calculation result
of the kinematic analysis, which well proves the correctness and feasibility of the kinematic analysis.

5. Conclusion

This paper combines the flapping law of wings of medium-sized birds in flight, and is based on the
traditional double-crank and double-rocker flapping mechanism. A new two-stage foldable bionic
flapping wing mechanism is designed. And the kinematic and dynamic flight was carried out, and the
following conclusions were obtained:

(1) During the flapping process of the flapping wing mechanism, the upper flapping limit is
Omax1 =40.26< the lower flapping limit &,,;,1=-3.18< and the flapping amplitude of the outer wing A
6,=49.27< The upper flapping limit of the outer wing mechanism iS 8,402 = 90.94< The lower
flapping limit is &,,,4.2 =8.76< which is similar to the flight motion parameters of medium-sized birds.

(2) The minimum transmission angle of the flapping wing mechanism during the flapping process is
the minimum transmission angle Y. = 40.08< which has good force transmission performance.

(3) Using the ADAMS flapping drive mechanism for simulation analysis, the ADAMS simulation
analysis curve of the output angle of the drive mechanism is consistent with the MATLAB theoretical
calculation and analysis curve, which verifies the correctness of the theoretical analysis.
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