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ABSTRACT OF THE THESIS
Analysis of Effects of Vein Arrangements on Insect Wing Structure
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By YIJUN WANG
Thesis Director:

DR. Mitsunori Denda

Nowadays, the demand for Micro Aerial Vehicles (MAVs) is growing rapidly in both commercial and
military use. Due to the excellent flapping flight capability, insects now serve as a main source of
biological inspiration for the researches of future micro air vehicles. As the most important organ of flight
for insects, insect wing, especially its deformation partially controlled by the vein arrangements, is now
becoming a key factor for the research and the design of insect-like MAVs. The purpose of this research
is to analyze the effect of the two different kinds of veins and their arrangements on the insect wing
structure with Finite Element Method. A simplified wing modelling meshed with the Stiffened Shell
Elements is tested under different vein arrangements. The correlated natural frequencies and modeshapes
are achieved and analyzed for each case. Through the analysis, we can eventually conclude the effects of

longitudinal veins, cross veins and their combined arrangements on the wing structure, respectively.



Acknowledgements

This thesis has been a very rewarding endeavor for me. I really enjoyed the whole research process.

I am very thankful to my advisor Professor Mitsunori Denda for being such a helpful and supportive
mentor. When I first started doing this research, I knew almost nothing about the Finite Element Method.
With the help of my advisor, I can finally manage to catch up everything I need to know about the
structure analysis. His enthusiasm in academics constantly encouraged me to keep overcoming the
difficulties and never give up trying. This thesis wouldn’t have been possible without his help and
guidance.

I would also like to thank the faculty of MAE department and the Rutgers University for providing me
great education in the past few years and allowing me to become a better engineer.

I am grateful towards my family and friends for supporting me during the research.



Table of Contents

Abstractof the thesis . . . ......... ... .. i, ii
Acknowledgements . .......ccviiitiimiiiirttteteentcentsttatoensannns iii
L o Introduction......coieiiiiiiiiiiiiiieiieneeneneneenensencanencnnens 1
1.1 The background and purpose of theresearch . ................ .. ... ... ... ...... 1
1.2 The method of theresearch. . . ... ... .. .. . . 2
2. Finite Element Method. ...........cciiiiiiiiiiiiiiiiiiiiiiiineeneenns 4
2.1 Introduction to Faceted Stiffened Shell with Allman Membrane Triangular Element . .......... 4
2.2 Components of the Stiffened Shell Element . ........... ..., 4
2.2.1 3-D Euler Bernoulli Beam Element . . ....... ... .. .. 4
22.1.TRod Element . ... ..o e 5
2.2.1.22-D Euler Bernoulli Beam Element . ... ....... ... ... i 8

2.2.1.3 Torsional Behavior. . .. ... 15

2.2.2 Thin (Kirchhoff) Plate Bending using BCIZ Triangular Element. .. ..................... 16
2.3.3 Allman Membrane Triangular Element . . ...... ... .. ... ... .. ... .. ..., 21
2.3 Transformation and Assembly. .. ....... ..ot 26
2.3.1 Assembly of 3-D Euler-Bernoulli Beam Element . .. ........... ... ... ... ......... 26
2.3.2 Transform and Assembly of TriFrame Element. .. .................................... 26
2.3.3 Assembly of Allman Shell Element with drilling degree of freedom. ..................... 27
2.3.4 Transform in to Global Coordination. . ........... .. ... it 27
2.3.5 Assembly of Allman Stiffened Shell Element. .. ......... ... . ... ... ... . ... .. 27
2.3.6 The Matlab Code. . . . . ..ottt e e e 28



3. Numerical Examples. .............. .. ... . . . . . . 29

3.1 Finite Element Modelling . . ....... ... it e 29
3.2 Experimental Cases. . . .. ovvtt ettt et 30
3.2.1 Case Set 1: Longitudinal Vein Arrangements. . ... .........o.iutiineneneean... 31
3.2.2 Case Set 2: Cross Vein ATTangements. . . . . ... ettt ettt et it e eae e 32
3.2.3 Case Set 3: Combined Veins Arrangements. . . . . .......ooueunenneneeneneenen. 33
3.3 Numerical Performance . .......... ... . i 33
3.3.1 The Reference Case. . . ... .oouut ittt et e e e e e e e e i 34
3.3.2 Effects of the Longitudinal Veins Arrangements . . ... .........oiineeninnennenenn .. 36
3.3.2.1 Effects on the Natural Frequencies . .............. ... .. .. i .. 36

3.3.2.2 Effects on the Modeshapes . . ......... .. i 38

3.3.3 Effects of the Cross Veins Arrangements. . . .. .......ouuuunneen et 42
3.3.3.1 Effects on the Natural Frequencies. . . ............ ... it 42

3.3.3.2 Effects on the Modeshapes. . .. ...t 43

3.3.4 Effects of the Combined Veins Arrangements . . .. . .....ooetne e enen .. 49
3.3.4.1 Effects on the Natural Frequencies. .. ............. ... .. .. 49

3.3.4.2 Effects on the Modeshapes. . .. ... i 50

4. Conclusions and Future Work. ........coiiiiiiiiiiiiiiiiiiiiiiieennnes 55
4.1 CONCIUSIONS. . . . e e ettt e e et e e 55
4.2 Future WOrTK. .. ..ottt e 56

2 ) 2 1 Lo Y 4

D 1 414 1T T PP 1 |



Chapter One

Introduction

1.1 The background and purpose of the research

In the past few years, the demand for Micro Air Vehicles (MAVs) has been growing at a rapid pace.
Its advantages in versatility, maneuverability, cost-efficient and counter-observation ability makes it
increasingly popular in both civil and military use. Insects now serve as a main source of biological
inspiration for the researches of future micro air vehicles due to their excellent flapping flight capability.
Especially for the unmanned intelligence, surveillance and reconnaissance purposes, insect’s ability to
hover in flapping flight and its feature of micro geometry size make it an incomparable research target.

As the organ of flight for insects, insect wings are extraordinary examples of small-scale biological
engineering: small, flexible aerofoils with no parallels in technology [5]. By studying and understanding
the functions of the wing structures, one may get closer to reproduce the flight features of insects on
MAVs. Most of the wing consist of membrane supported by veins [7]. Here, the veins are cuticular tubes
containing hemolymph and often tracheae and nerves. There are two kinds of veins. One is main or
longitudinal vein, which radiates from the base, often branching distally, and the other one is cross-vein,
which links the longitudinal veins [7].

Other than supporting the membrane, the veins on the wing structure also play a major role in the
flight of insects. In flapping flight, insect wings not only change their direction movement and their angle
of attack relative to the airflow, they undergo deformation, which may actually be necessary for the
generation of sufficient aerodynamic force [7]. The deformation of the wings is partially controlled by

the active muscular forces. However, the forces cannot entirely control the wing shape. They can only



interact dynamically with the aerodynamic and inertial forces that the wings experience and with the

wing’s own elasticity. The instantaneous results of these interactions are essentially determined by the

architecture of the wing itself [7].

In this research, we mainly focus on one of the most important features of the wing’s architecture: the

distribution of the veins. Through analyzing the effect of different distributions of the veins on the wing’s

deformation, we will have a clearer idea of how different kinds of veins and their combinations will affect

the wing’s performance during the flight and we will be one step closer to design a much more efficient

wing structure with optimized vein distribution for the future insect-like Micro Air Vehicles.

1.2 The method of the research

The Finite Element Method is among the most commonly used structural dynamic analysis method

when it comes to the researches on the insect wing structure. In most cases, a certain species of insect in

chosen as the research object [1,2,4]. During the researches, the characteristics of wing structures are

found through various experiments and correlated Finite Element Modelling [1-4,6]. It seems to be

reasonable and guaranteed to apply such method to the current research. However, such technique fails

to fulfill the requirements of the research.

The purpose of the research is not to replicate the performance of specific wing structures, but to

analyze the effect of veins on the wing structure in a general setting. Thus we use a simplified wing

model and set up different test cases, each corresponding to a different vein distribution. Then the wing

model is meshed with a special customized shell element, that is, the Faceted Stiffened Shell with Allman

Membrane Triangular Element. The stiffness matrix and the mass matrix of the selected element is

derived to form the linear eigenvalue problem equation of structural dynamics. A matlab program is

developed to solve the problem and get the natural frequencies, as well as the related modeshapes for



each test case. By aforementioned technique, we can eventually find out how different kinds of veins and

their distributions affect the wing structure.



Chapter Two

Finite Element Method

2.1 Introduction to Faceted Stiffened Shell with Allman Membrane Triangular Element

The Faceted Stiffened Shell with Allman Membrane Triangular Element is a triangular element that
consists of the Kirchhoff Plate Bending Element, Allman Membrane Element and 3-D Euler Bernoulli
Beam Element. Here, the 3-D Euler Bernoulli Beam Elements are used to stiffen the edges of the
triangular shell element, of which the purpose is to reproduce the function of veins in the following
dynamic structure analysis. The stiffened shell element has six degrees of freedom, which ensures it to

display the structure deformation correctly.

2.2 Components of the Stiffened Shell Element

2.2.1 3-D Euler Bernoulli Beam Element

The 3-D Euler Bernoulli Beam Element is an extension of 2-D Bernoulli model. Therefore, the 3-D
Element should be developed within the structure already defined for the 2-D beams and more generally
for all structural mechanics elements [8]. More specifically, it is developed based on the 2-D Euler
Bernoulli Beam Element, Rod Element and Torsion Element in the same defined structure. All the three
elements follow Bernoulli’s law. It corresponds to the relation expressed as: Planar cross sections which
are perpendicular to the axis will be conserved in deformed configuration. Detailed derivation of each

element is discussed in the following sections.



Fig 2.0 System if coordinates considered in this section [8]

2.2.1.1 Rod Element

The Rod Element represents the axial behavior of the 3-D beam element, of which the statement is

shown in the figure below. As we can see in the figure, the cross section of the rod has a constant area A.

Here, N denotes the normal stress and u(x) is the displacement field. q(x) is the given distributed load

along the rod’s surface.

R S u(0) u(x) u(t)
N = === =5 =5 5> N
< } > }% — }%
q(x)Ax
>
pAdxii
~,
d
N <— ——> N+ AN
Ax

Fig2.1 Axial Behavior

Kinematic relation, which is derived from the Bernoulli’s law, and Stress-Strain relation are shown

below:

Exx = 7T Oxx = Esxx

(1

with &, the axial strain.

Equation of motion is given by



N + AN — N + q(x)Ax = pAdxii

dN+ () = pAi
I q(x) = pAii

(2a)
Where
N—f dA—f EdudA—EAdu—EA
- A GXX - A dX - dX - SXX
(2b)
After getting the equations above, we can now apply the P.V.W, that is, the principle of virtual work,

to get the finite element formula of the element. The equilibrium field is

dN*+ ‘() = pAl*
ax q"(x) = pAu

And the compatible field is

Then we can get the integral equation:

L L di ~ LdN* ~
f N*&,dx = f N*—dx = [N*a]} —f —{dx
0 o dx o dx

L L
= [N*a]5 + f q* (x) Gdx — f pAU*Gidx
0 0

3)
The generalized displacements at end points are:
A= u(0), A,=u(L) 4
And the generalized forces are:
Q =-N(0), Q;=N() )

Therefore, equation (3) becomes



2 L L
f N8, dx = Z QA + f q"idx — f pAii* dx
k=1 0 0

(6)
The selected interpolation polynomial for u
u= 304-81X
that satisfies (4) is given by
2
ux) = Z A Dy
k=1
(7
Where
X X
0,60 =1-1, 0,00 =T
With the equations above, we can now start deriving the FEM formulation by selecting
u* = Zj2=1 A]®] and 4 = Qi
in
L 2 R L L 2
f AECY 0ja)Bidx = Q; + f q":dx — f pAQY 0/d)0idx
0 - 0 0 =
J=1 j=1
And then we have:
2 L L 2 L )
ZAE(f 8] 9dx)A= Q; + f q"0;dx — Z oA (f 0,0,dx)A;
= 0 0 = 0
j=1 j=1
It can also be shown in the form:
2 2
:E:IﬁiAj+':E:B®iA]= Fl
j=1 j=1
®

where



Here, K and M are the stiffness matrix and the mass matrix of the rod element, respectively. The

matrix form of K and M are shown below:

) et

6 2
2.2.1.2  2-D Euler Bernoulli Beam Element

The Euler Bernoulli Beam Element and the Timoshenko Beam Element are the two most common
elements used in the Finite Element Analysis when it comes to the beam or frame problems. They both
represent the planar flexural behavior of a 3-D beam element. In this case, the Euler Bernoulli Beam
Element has been chosen since the length-width ratio of the veins on insect wing structure is much larger
than 10:1 and the rotation of the cross-section plane is not necessarily to be taken into consideration. The

statement of 2-D beam element is shown in the Fig 2.2.

@,, my
—

ny! d2y
M vy w(x)
N ’ /ﬂ
T %x
v wi(x)dx

TN
M M+dM
)
— V+dV
dx

Fig 2.2 Planar Flexural Behavior

As we can see in the figure above, M denotes the bending moment and V denotes the shear force acted

on the element. w(x) is the distributed load on the element and v(x) is the displacement in y-direction.

To get the stiffness matrix and the mass matrix of Euler Beam Element, we need to analyze the element



under static condition in the first place, by which mean we can easily achieve the stiffness matrix.
Let’s start from the shear force-bending moment-deflection relations. First, we have:
1) Force equilibrium equation
—wdx—-dV =20
2) Moment equilibrium equation
—Vdx+dM =0

Rearrange the two equations and we have the following relations:

_ dv V= dM
T dx T odx
The axial strain and stress are:
dv
u= —Y&
d?v
= Vo
d?v
Oy = ESX = —yEE
Then we define that:
d2 2y
M=-— A=E A =El—
fA 0y d f e —d dx2
M d?v
El ~ dx?

Therefore, we can get:

fcx g, dV = fcx <—yj:) f (f ychA)d > f MKdx

Now apply the principle of virtual work:

The equilibrium field is

d*M* . dM’

dx?2 w dx

The compatible field is



Thus we have:

Lo L d%0 do . (LdM*do ot dm-
f M*de—f M*—dx = [M"—]; — ——dxz[M*— ] f
0

dx? dx o dx dx dxl,

dv L L
A
= [M*—] — [v*91§ +f (—w*)¥dx
dxlg 0

Ld2

10

do do N N t N
= M*(L)&(L) + (—M*(O))&(O) + (=V*(L)0(L) + V*(0)9(0) + f (—w*)¥ dx

L
= m3B, + miB, + 65,5y + 65,0 + f (—w*)? dx
0

Where:

dv dv . i
diy =v(0) 9, = &(0) dyy =v(L) 0, = &(L) (generalized displacement)
fiy =V(0) m; =-M(0) f,, =—-V(L) m, = —-M(L) (generalized forces)

To attain the FEM formula, the interpolation polynomial for ¥ is given:

v(X) = ag + a;x + a,x? + azx3

(10)

(11)

(12)

In order to satisfy (11), the interpolation polynomial can be expressed in terms of d,y, d,y, @1, @,

V(X) = dlle + 01N2 + dzyN3 + 02N4
where N; to N, are the interpolation functions as shown in the Fig 2.3:

N1=1—3(§)2+2(9

N, =x(1 Xy
2 = x( L)

3




X

Fig 2.3 Interpolation functions

The first derivatives of the interpolation functions are:

, 6’\ 6 2
Nl =—§X+§X

2

N, =1_g+3(x)

L L
’ 6A 6 2 s
N3 ZEX_EX =_N1
) X /3x
N =1(T-2)

The second derivatives of the interpolation functions are:

N = 6 1 2X
1 - Lz( L)

, 2(3x
N =22 1)
L\L

The third derivatives of the interpolation functions are:

12 12
N1 =

_ﬁ NZIH —

6 nr
ro N

All the functions mentioned above fulfill the following condition:

13

nr
N4_ -

N;(0) =1, Np(0) =N3(0) = N,(0) =0

Ny’ (0) =1, Ny’ (0) =Ny’ (0) =Ny’ (0) =0

Na(L) =1,  Ny(L) =Np(L) =Nu(L) =0

Ny’ (L) =1, Ny’ (L) =Ny’ (L) =Ny’ (L) =0

)}

11



12

Let (81,8, 85,80) = (4, 01,y,0; ) = (v(0), ZOv), &)

(Q1,Q2,Q3,Q4) = (f1y; my, ny' mz) = (V(0), =M(0), =V(L), M(L))

y
Ay, Qzlr A4, Qq

N (N X
—

Al' 1 A3, Q3

Fig 2.4 Generalized Displacement and Generalized Force

Select v* = Z;‘zl AjNj and ¥ =N; (i=1,2,3,4) in(10) to get

n

L& L
0 : 0
=1

Then it can be derived that

4

L
Z El(j N/ NJdx)A = Q; + f;
: 0

j=1

The equation can be expressed as:

4
j=1

where
L
0
Fi=Q+f
L 1
f, = j (—w)N; (x)dx = — - wL
0 2
L 1
f, = J (=wW)N,(x)dx = ——wl2
o 12
L 1
f; = j (—w)N3(x)dx = —EWL
0
f—J-L( JN,d _ L L2
4 = | W)Nydx = —w

Here the matrix form of the stiffness matrix Kj; is:
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6 3L -6 3L
2Ell3L, 212 -3L 12

2|1-6 —-3L 6 3L
3L 12 3L 212

In conclusion, the whole equation becomes

%) Q L 6
Al [Q2 L
[K] Azl [Qs 12 wl 6
A, Q4 —-L
and
L L
_ EW
[dyll fly _ iWLZ
[K] ®1 - ml + 12
[d,, |~ |f 1
yz 2y ——wL
lQ)Z J m; 2
1 12
2"

After getting the stiffness matrix, we can now get the mass matrix by analyzing the dynamic Euler

Beam Element. The derivation process is given below.

w(x)dx
- T ™
M .‘;,7." . pAvdx | ‘\\ M+dM
Y T J
V+dV
dx

Fig 2.5 Dynamic Euler Beam Element

According to the Fig 2.4, we can have
—(V+dV) +V — wdx = pAVdx

dx
M+dM—M—VdX+WdX7=0

dv = —pAf dM v
dx W= Ay dx
(13)
Apply the principle of virtual work
s . dm* . av* A
The equilibrium field is = v, - + w* = —pAvV
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d?v
dx?

=~
Il

The compatible Field is

Therefore, we can obtain:

L

fLM*Kd —J-LM*dZ‘A/d _[M*de LdM*dod _[M*d\”/]L dM*A] +de2M*Ad
0 X_O axz T dxly J, dx dx x= dxly dxvo o axz '

dot L
= [M*—] — [Vv*o15 + f (—w* — pAV*) ¥ dx

dxlg 0

do L L L
= [M*—] — [v91§ +f (—w*)vdx —f pAV*¥ dx
dxl, 0 0

4 L L
= Z Qi Ay + J- (—w*)¥dx — f PAV*V dx (14)
k=1 0 0

To eventually get the FEM formulation, we substitute

V' = ZA]-N]- v=N;(i=1234)
=1
in (14) to get
L 4 ! L L 4 )
j EI(Z NA) N/dx=Q; + f (—w)N;dx — j pA(Z NA) N dx
0 = 0 0 =
4 L 4 L
z EI(J N{'N{"dx)A; = Q; + f; — Z pA (J Nidex> A"]
e 0 = 0
=1 j=1
4 4
=1 j=1
where

L
Kji = EIJ Nj”Ni”dX
0
L
0

The matrix form the achieved mass matrix is

156 22L 54 —13L
_PALI 221, 412 13L -31?
T 420| 54 13L 156 —22L

—13L —312 -—22L 412
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2.2.1.3 Torsional Behavior

For 3-D Bernoulli Beam Element, only uniform torsion is considered. Assumptions for this behavior
are [8]:
1) Cross sections are free to buckle.

2) Torsional resistance is only ensured by shear stress Ty, Ty, active in the section’s plane.

Fig 2.6 Torsional Behavior

Under the assumptions, we can have the following equations according to Saint-Venant torsion theory

and uniform constitutive law.

do
==

(15)
T = GJX (16)

where X is the torsion angle by unit length, 0, is the torsion angle defined on figure, G is the shear
modulus and J is a geometrical characteristic of the section called constant of torsion. [8]

The torsional equilibrium relation is written as [8]

dT

—=-m
dx X

7)
with my is the torsion moment by unit length.

(15), (16), (17) all together lead to the Torsional differential equation:
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2

d=6
G
]dxz

+my = p]ex

Get the weak form of the equation and substitute the interpolation functions: 8, = Z]-2=1 A;@;, where

(A1, 85) = (851, 0) 0y =1 -5 g, = 6%

Then we can achieve the stiffness and mass matrix:

L « ]dx dx

G _
k=1 [—11 11]

Xe+1
M; = J p]@;0;dx
Xe

P pl)
3 6
oLl pl)
6 3

M =

2.2.2  Thin (Kirchhoff) Plate Bending using BCIZ Triangular Element

The element we use in this section is based on the Kirchhoff plate theory. The Kirchhoff plate theory
is also known as the classical plate theory (CPT). CPT is an extension of the Euler-Bernoulli beam theory
from one dimension to two dimensions. It is based on the assumptions that a straight line perpendicular
to the plane of the plate is (1) inextensible, (2) remains straight, and (3) rotates such that it remains
perpendicular to the tangent to the deformed surface [11].

Detailed derivation of FEM formula is shown below.

y

(paydxdy)dz
1 aQ,
(Qy + a—y dy) dx

d
v <QX 4+ 2% dx) dy
0x
Fig 2.7 Motion on the Z-direction

As shown in the Fig 2.7, the equation of motion on z-direction is
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h
2Q, 0Q, z
( ) dy — Qudy +( Qy + 3y dy | dx — Qudx + pdxdy = fh(pmdxdy)dz
2

QX +de

where Q denotes the shear force, h denotes the thickness, p denotes the density and w denotes the

displacement in z-direction.

Divide it by dxdy and we will have

9Q, @
Q. Qy+p=pIO(I)

Jx  0dy
h
2
IO = le = h
_h
Myyd
Y Mdy .
Mod (pdxdydz)z
X
< oM v
/ (Myx o dy> dx G >0
M, dx /[ 7/ | ( >
v - — v
z

(p(ﬁydxdydz)z

oM
<Mxx + == dx) d

—_— My,
/ (Myy + a_ydy) dx
M,
8 (Mxy + ox dx) dy X @y >0

Fig 2.8 Moment about y axis and x axis

h
72 (pg,dxdy) dz

As seen in the Fig 2.8, the moment equilibrium about y axis is
oM,
dx) dy — My, dy + Q,dydx = f

2

oM,
My, + dy dy | dx — My, dx + (MXX + ox
OMy,  OMy, 3w
—_ = I N, = — I i —
ax ay Qx = plPx Pl 3 e
h
0x = — ‘;—:{V dy = ‘;—‘;V (w is the displacement in z-direction)

where I, = [?,2%dz
2

The moment equilibrium about x axis is
h
Myy OMyy 2 o
= Myy + dy dy | dx + My, dx — | My, + % dx | dy — M,,dy + Q,dxdy = W2 (p(pydxdy)dz
2
oMy, OMy, 3w
i _ = ol ——
x Ty Y= Plkyge

Based on the equations above, we can now apply the principle of virtual work

The equilibrium field is:



My My, Pw*
¥ 0. = —pl, ———
ax Ty & T Plhgge

oM,,” OM,,” . >Pw*
L Q) = pl s
0x dy dy ot

Q" 09Q,” *w*

A * = ol ——

ax oy TP =Pge

The compatible field is
Kap = —B,ap

Therefore, we have:

h h
z [z .~

foaﬁ EqpdV =L dAJhGaB(_ZW.aB)dZ =fA dAKaBJhZGaBdZ =JA MgpKopgdA
2 2

f M;BK/O‘\BdA = —f M;BWnaﬁdA = —f M;BW,(XUBdS + f M;B_B\’/\v’adA
A A c A
= f M:§qds + f M5 @0, ds — f Mg 5o WdA
c c A
By using

{M;B.B = Qq = —plawyt
Qua +P" = —ploWie

we will have:
Magg + PLaWoet) o« + P = plowie
Additionally,
Qn = Qiuy + Q;Uy + pl (05 W xUy + w:kytt"/\v,yuy)
where Qj, denotes the normal shear force.

Then the equations become:

f M:ds + f Qi — LW ) ugds + f (O Wt + p° — plow i) WdA
c [ A

= [ M5+ s+ [ —plowiae + (0 = plowroda
c A
We can convert the line integral term into:

~ N Y~ L OW .
[ o+ Qs = [ i+ M5 55+ i
C C

here
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ow O(M{W) __OMy __OMy
f Mé—ds=J- ds—f ——f
c 0s c ds c ds c 0s

Substitute it into the original equation and then we will get

[ 0+ (0~ G s = [ My 5 + Qe

where
. OM{ i
Qn — 55 = Qefr
_ Jw
lI‘Il'l an
_ Jw
Yy 3
MsWs = M, + Mg
are used.

Afterwards we can conclude that:

oW
—f M;B\Tv,aBdA=f { M;o-
A [«

~

o QfoW} ds + f =W Wo + (p* — plow) WdA
A

Since the bending moments are as shown below [11]:

(M;x =—(Dy; 62_W + Dy OZ_W)
%2 dy?
*w 0*w
My, = —(Dq, 9z + Dy, B_yz)
. *w
| My= —2D666X—ay
E,h3 D.. — E,h3
12(1 = viava1)° 2 12(1 = v12v21)
v;,E,h3 Goh3
12(1 = vipvay) 66~ 12

Dy =

Dy, =

the equations become:

LOW
f PLWeW o — (p* — plowi) DA — f MW ogdA — J- {—Mn% + Qeffw} ds=0
A A c

f [ GOw 0w w0 ow o Otw 9 (o dw o oPw) ot
PV G Pl o g e TP gy gy ae T e axayaxay T\ P TP 5y 5

*w 0w _o*w LOW
+ (D“a?-l_DZZW)a_yz_p WdA—J; _Mna_n+QeffW ds=0
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*w 0*°w_0d

f IAazw+ I oW 93w 6W w Zw 62’\ b 62W+D 9*w\ 9*°w
| PW o TP\ G acae Tayayar) T P axayaxay T\P1i o T PGy 5
PR
+ (D12 2 + Dy, dy 2) V2

aw
— p*WdA f {—M;% + Q:HW} dS =0 (18)
C

To get the FEA formula of the plate element, we define the element nodal displacement as

= o (5, (5,00 (G, (5o (5, (5

0x/1 \0dy/, 0x/, \dy/, 0x/3 \dy/,

And the interpolation functions of w and W are

w=0"d =37, d;0; W=0(G0=12..,n)
where @ is
¢r = {Qun: D1 ®y1' D o2) Dx2s Qyz' D3 Dy ®y3}

The specific value @ varies according to the element we choose during the analysis. Here, we select
the BCIZ triangular element. It is an effective nonconforming triangular element developed by Bazeley,
Cheung, Irons, and Zienkiewicz, and it consists of three degrees of freedom (w, _a_v): a_w) at the three

vertex nodes. The interpobtion functions for the triangular element can be expressed in terms of area

coordinates as

B Ly + 12L, + 12L; — 13L, — I2L,
Dy1 X31(L3L3 — 0.5L123) — Xq2(Lo L3 + 0.5Ly23)
By1 ¥31(LsLi + 0.5L;23) — y12(LyL3 + 0.5L;53)
D2 L, +L22L3 +L22L1—L23L2 —L21L2
Bz ¢ =1 X12(LiL5 — 0.5L153) — Xp3(L3L3 + 0.5Ly23)
®y2 V12(L1L3 + 0.5L153) — y23(L3L5 + 0.5L;53)
D3 Ly + L3L; + L3L, — L2L; — 12L,
D Xp3(LaL3 — 0.5L153) — X34 (Ly 15 + 0.5Ly53)
Oya V23 (L2L3 + 0.5L153) — X34 (L1L5 + 0.5L;53)

where Lizz = LiL,Ls X3 =X —Xj ¥ = ¥i — ¥}, (Xi,yi) being the global coordinates of the ith node.

Substitute the interpolation functions into the integration equation, then we can get:
Mel{de} + [K°{d*} = {F°} + {Q°}

where the mass, stiffness and force matrix are as shown below:
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00;00; 00;09;
S (). _— —_
Mi]- —fA [plo(bl(bl +p12<aX o + 3y dy dA

e _
Kjj =

f b 0°0; 0% 02¢; 0%9; +62®j 029, a%z)iaz(zs,-Jr 020; 020
11 9x2 gx2 12\ 9x2 ay? ' 0x? Oy? 22 gy2 gy? 66 9x dy dx dy

e * e * 6(z)i *
FE=J, podA @ =/ (—M;22+QL0;)ds

2.2.3 Allman Membrane Triangular Element
The Allman Membrane Triangular Element is a triangular finite element whose nodal degrees-of-
freedom are two in-plane displacements and the 'drilling' rotation about a normal to the element plane
developed by D.J Allman. The element is, essentially, an improvement of the standard constant strain
triangle which was the first engineering application of the finite element method. [9,10]
This finite element model has cubic polynomial displacement fields u, v defined in terms of triangular
co-ordinates (See Appendix A.1) L;, L,, L; over an arbitrary triangle with vertices P;, P,, P, viz.[9]
1 1
u= {E (w1 + w) — Q0}112 cosyyp LyLp(Ly — Ly) + {E (w3 + ;) — Q0}123 €0S Y3 LsLp(Ls — Ly)
1 1
+ {E (w1 + w3) — Q-0}131 cosyzy LyLa(Ly — L3) + 3 (wz — wy)ly; cos V1,111
1 1
+ E((D3 — ;)3 €08 Y,3L,Ls +E(w1 — w3)l3; cosyz1LsLly +usLly + uzly + usls
1 . 1 i
V= {E (w1 + W) — Q0}112 sinyyp Lila (L, — Ly) + {E (w3 + ;) — Q0}123 siny,3 LsLy(Ls — L)
1 . 1 .
+ {E (w1 + w3) — Qo} I31 sinysy LiLa(Ly — Lg) + 3 (w; — wp)lyp sinyy; Lyl

1 1
+ 7 (w3 — wy)lp3siny,z LyLs + 2 (w; — w3)l3q sinyzq L3Ly +usLy + upL; + usls

where Iy (ij =12, 23, 31) are the lengths of the three sides whose outward normals are inclined at angles

yij to the x-axis. w; (i=1,2, 3) are vertex rotational degrees-of-freedom and where ), is the rotation
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of the constant strain triangle of area A expressed in terms of its nodal degrees-of-freedom u;, v; and

nodal co-ordinates x;, y;, viz. [9]

1
Q= A [(xz = X3)uy + (X3 — x)up + (X — xx)uz + (y2 —y3)v1 + (y3 — y1)vz + (y1 — y2)us]

Then we convert the displacement equations into

(== {iefo

where
U = {uy, vy, Wy, Uy, Vp, Wy, Ug, V3, W3 }
Nu=[L1—% 1 %al Weq Lz_%bz %az Wea L3_%b3 %33 Wc3]
Nv=[—%b1 L1+%a1 Ws1 _%bz Lz"‘%% Ws2 _%m L3+%a3 ng]
with

Veo = —{li cosy1p LiLy (L, — Ly) + 153 cos yp3 LyLg(Ly — Ly) + 134 cos y3q L3Ly (Ly — L)}
Vso = Vo (cos — sin)
and
1
Wer = 5{112 0S¥z LiLy(Ly — Ly) + 134 cosyzq LgLy(Ly — L3) + 135 cosysq L3Ly — i cosyyp LyLy}
1
Wep = 5{112 €05 Y12 L1Ly(Ly — Ly) + 153 c0s yp3 LpLg(Ly — Ly) + 145 cosyyp LyL, — 153 cosy,s LyLs}
1
Wez = 5{123 €0S Y3 LpL3 (L3 — Ly) + I35 cosysq L3Ly (Ly — L) + 153 oS yp3 LyLg — 134 cosyzy LyLy}
Wg = W¢i(cos — sin)

The stress and strain fields are

dv OJu

YXy:&—}'ay

¢ =BU
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Substitute the displacement equations into these stress and strain equations and we will have the matrix

B. The non-linear part of the matrix is

B(Non — Linear)

b, a 1 b,

Ef(c, a) —Ef(c, a) Egl(c, a) Ef(c, a)
b, a 1 b,

1 ﬂf(s, b) —ﬂf(s,b) Egl(s,b) ﬂf(s, b)

b, a; 1 b,
[ﬂf(C.a) [—Ef(c,a) [Egl(cya) [Ef(c,a)

b 1 b
+ 25 D)] —Z—;\f(s,b)] #5850+ (b))

The function f and g are defined as shown below

azf 1 b3f
~A (c,a) 582(c.a) 1A (c,a)
a, 1 bs
ﬂf(s,b) Egz(s,b) ﬂf(s,b)
2 Bold)  Lfca)
[ 1A c,a [Zg2 ca [4A c,a

a, 1 bs
~IA f(s,b)] + 582 (sb)] + Y f(s,b)]

f(c,a) = (I31¢31a5 — l12C123'2)L21 + (li2¢1281 — l23C2333)L22 + (Iz3¢23a, — 131C3131)L%

2113f 1

~IA (c,a) Eg3(c,a)
as 1
i) g(sh)
) [2gs(ca)

o) Gea

as 1
~ A D] +585(sb)]

+ 2l15¢15(a, — @)Ly Ly + 2153¢53(a3 — ap)LyLs + 2131¢31(a; — a3)Lsly

f(s,b) (c,a) = (s,b)
f(c,b) (c,a) - (c,b)
f(s,a) (c,a) = (s,a)

gi(c,a) = (Iycyay — Lycya;) (L + Ly) + Lycyay (L2 — Ly) — Lyeyay (L — Ly) + 2lyc5(a; — a;)LiLy

+ 2lc(a; — apLiLy

1,23 (i=1)
where 4,3, D =4231 (@{=2)
31,2 (i=3)

gi(s,b) (c,a) - (s,b)
gi(c, b) (C! a) - (C! b)
gi(s,a) (c,a) - (s,a)

The linear part of the matrix B is
a; 0 0 a, 0 0 a3 0 O
B(Linear)=|0 b; 0 0 b, 0 0 by 0
b, a;, 0 b, a, 0 by a3 0

Matrix B is the sum of the two parts,

B= B(Non — Linear) + B(Linear)
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With the obtained equations in the preceding paragraphs, we can eventually achieve the stiffness
matrix, mass matrix and the load vector, of which the process is shown below:
The stiffness matrix is defined as:

K. = ﬂ- BTDBtdxdy = ﬂ. Ktdxdy
A A

here t is the element thickness.

1—-v
2

— E 1—-v
Kj; = W{BnBu + By;iBy; + v(B,iBy; + ByiByy) + TBSiB3j}

1
T 1—v2 0

(= ]
o

where E is the Young’s Modulus and v is the Poisson’s ratio of the element.
The mass matrix is

M = ﬂ ptNTN,dA + ff ptNTN, dA
A A

To get the element load vector, we first need to have the normal & tangential displacement along P;P;

S S S S S
un(s) = Ai]'S (1 - —> (2— - 1) + Bi]'S (1 - —) + (1 - —) Upi + <—> un]-
11] 11] 11] 11] 11]
S S
L ue(s) = (1 - Ju + |- uy
lij 11]

The associated potential energy is
Vi]-(l) = —f (oqup + Tou) tds
P;P;

Assume o0, and T; to be constant and use

1 S S S
u,(s)==s{1—— (u)]-—ooi)+ 1——Juy + | |uy
s s
u(s) =|1- L. Uy + L. U
ij ij

Then we will have



1 _
Vij = {uni, Uy, Wi, un]-,ut]-,(oj}<

For the constant distributions of body force X*, Y*, the associated potential energy is

\
E Gntli]'

E Tttli]‘

- E O'ntlijz

E Gntlij

E Tttli]‘

E O'Htlijz

V2 =— ff (X*u + Y*v)tdxdy
A

where

1
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1 1
u= E(‘Dz — wy)ly; cosyyp Ly Ly + 2 (w3 — wy)lz3 cOsYa3L,L03 +E (w; — w3)l3q cosyz Lsly +uyLy

+ u,L, +uzl;

1 ] 1 ) 1 )
V= E(U)z —wplyp sinyg; LiL; + 5(033 — wy)lp3siny,z LyLs + 2 (w; — w3)l3q sinysq L3Ly +ugly

+ u,L, +uzl;

The total potential energy of the applied force is:

V=Vt V2
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2.3 Transformation and Assembly

2.3.1 Assembly of 3-D Euler-Bernoulli Beam Element

Assembling the contribution of all element that are connected to the same nodes is an essential step to

develop the 3D Euler-Bernoulli Beam element. Since we have already discussed about the stiffness

matrices and mass matrices of Rod element, Euler Beam element and Torsion element in the previous

sections of the chapter, we can easily construct the stiffness with the obtained matrices as shown below:

L& Kl
Kt K Kis Kia
Kt —K%, Kis —Ki,
Ki K
—K3, K3, —K3; K34
| K K, K K3,
K21 K3,
K3, K3, K3s K3,
K%l _K§2 K§3 _K§4
K3, K3,
—K% Kis —Kis Kia
Ki Kis Kis Lo

With similar techniques, we can also construct the mass matrix for the 3D Euler-Bernoulli Beam

Element.

2.3.2 Transform and Assembly of TriFrame Element

The TriFrame Element is a triangular element, which is consisted of three 3D Euler-Bernoulli Beam

Elements. To construct the TriFrame Element, we can transform the Stiffness and Mass matrices of 3D

Euler-Bernoulli Beam Elements into global coordination by local-global transform matrix as the

following:
LTG 0 0 0
: C =S 0
S =siny _ _|10 LTG O 0
R R L




27

Where y is the angle between x axis of the global coordination and the first beam element”.

(*here the first beam element means the beam between Nodel and Node2)

2.3.3 Assembly of Allman Shell Element with drilling degree of freedom
The Allman Shell Element is constructed with the Allman’s Membrane Element and the Plate Bending
Element. The Stiffness and Mass Matrix of the shell element is the combination of the stiffness and mass

matrices of the membrane and plate bending element, which are derived in the previous sections.

2.3.4 Transform in to Global Coordination
Transform the 3D Euler-Bernoulli Beam element and the Allman Shell Element into global

coordination by the transform matrix as the following 18X 18 matrix:

a
\%
W

where G, ¥, W are the unit vectors of the x-axis, y-axis and z-axis, respectively, of the local

A
. A=

A

coordination of the triangle element.

2.3.5 Assembly of Allman Stiffened Shell Element

Add the transformed stiffness matrices, as well as the mass matrices, of the frame element and shell
element together respectively to stiffen the edge of the shell element with the triangle frame. Now we
have the final stiffness and mass matrices of the Allman Stiffened Shell Element and we are able to
calculate the natural frequencies of the element. The linear eigenvalue problem equation of structural
dynamics is

AKD = MD
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Here, A denotes the eigenvalue and the D is a vector whose components are the global degrees of

freedom.

2.3.6 The Matlab Code

A Matlab Code is developed based on the equations derived above and we can now analyze the effects

of veins on the insect wing structure by calculating the structure’s natural frequencies and eigenmodes

under different problem settings.
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Chapter Three

Numerical Examples

3.1 Finite Element Modelling

To explore how vein arrangement contributes to the performance of insect wing structures, a finite
element model is created. The geometry and material properties of the model is partially based on the
Manduca Sexta, a moth of family Sphingidae that constantly used as an example for MAV design. The
model is highly simplified since our goal is not to replicate the wing of a specific kind of insect, but
rather to create a general model of a wing to see how the change of vein distribution affects the overall
performance of the structure. As you can see in the Fig3.1, the model is a flat stiffened triangle shell of
uniform thickness, composed of 130 stiffened shell elements.

The left end of the structure is where the wing is connected to the body and here it is called the
supporting point. The horizontal edge of the wing is the leading edge and the other edge passing through
the supporting point is the trailing edge. The edge which is opposite to the supporting point is called the
side edge. The wing can be divided by the red line into two parts. Here we call the part left to the red line
the proximal part and the part right to it the remote part. Additionally, a Cartesian coordination system is
established for the analysis, of which the origin is located at the supporting point and the x-axis is along
the leading edge of the wing. The y-axis of the system is vertical to the leading edge and points

downwards and the z-axis points outwards.
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Fig3.1: The General Wing Model based on Manduca Sexta

Table3.1 summarizes the geometry and material properties of the wing model, such as thickness,

Poisson’s Ratio, density etc. The detailed information of each node is listed in the Appendix A.2

Span Length (mm) Chord Length(mm) Thickness(xm)
48 20 12
Young’s Modulus (GPa) Poisson’s Ratio Density(g/cm®)
1.90 0.495 2.30

Table 3.1 Properties of the General Wing Model

3.2 Experimental Cases

Various experimental cases are implemented during the test. The veins of the wing structure are

represented by the beam elements on the edge of the shell element. By changing the distribution of the

beam elements, we can obtain different arrangements of veins.

In this test, all the veins share the same cross-section and the same material properties, which are

shown in the Table3.2.

Length(pum) Width(um) Density(g/cm?)
30 30 1.40
Young’s Modulus (GPa) Poisson’s Ratio
4.00 0.495

Table 3.2 Properties of the Veins
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3.2.1 Case Set 1: Longitudinal Vein Arrangements

The first set contains five cases that focus on the effects of the longitudinal veins, which are also known

as radiating veins. It should be noted that the longitudinal veins are originated from the proximal

supporting point, where the wing and the insect body are connected together, and distributed in the radial

direction. As shown in Fig 3.2, Case 1 is the wing structure without any vein, so that it can be used as a

reference for the following tests. In Case 2, the red line indicates the vein added to the leading edge of

the wing structure. The middle longitudinal vein, which connects the supporting point and the middle

point of the opposite edge, is added to the structure in the Case 3. The opposite edge is now divided into

two parts by the middle vein. The two parts are called the upper part and the lower part respectively. Two

more veins that connect the middle points of each part and the supporting point are added in the Case 4.

In Case 5, the first quarter point and the third quarter point of the upper part are connected by the added

longitudinal veins.

Case 1 Case 2

Case 3 Case 4
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Fig 3.2 Case Set 1

3.2.2  Case Set 2: Cross Vein Arrangements

32

The second set also contains five cases, but this time it mainly focuses on the effect of the cross veins.

In this case, all the cross veins are parallel to the side edge which is opposite to the supporting point.

Similarly, in the Case 6, the first cross vein added to the structure is the middle cross vein that connected

the middle points of the leading edge and the trailing edge. As we can see in the Fig 3.3, more cross veins

are added to both the left and right side of the middle vein in the following cases, by which means we

can explore the effects of adding cross veins in either closer or farther positions to the supporting point.

Additionally, the cross veins on the left side of the middle vein are evenly distributed while the distance

between the veins on the right side is slightly increasing from the left to the right.

Case 6 Case 7

Case 8 Case 9
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Case 10

Fig 3.3 Case Set 2

3.2.3 Case Set 3: Combined Veins Arrangements

The third set contains three cases which include different combined arrangements of longitudinal veins

and cross veins. If we take a closer look to these cases, we can find that all the three cases are composed

of the cases in previous Case Sets. Case 11 is the combination of Case 5 and Case 6, while the Case 12

is the combination of Case 5 and Case 7. Case 13, the final test case, is the combination of Case 5 and

Case 10.

Case 11 Case 12

Case 13

Fig 3.4 Case Set 3

3.3 Numerical Performance

The numerical performance of the cases is achieved by using the Matlab Code mentioned in the

Chapter 2. The general boundary condition of the tests is that the left end of the wing is fixed in all six
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degrees of freedom. For each case, more than 400 natural frequencies and the corresponding modeshapes,

that is, how the structure responds to a certain natural frequency, are obtained. Thus we can have a clear

picture of the relationship between vein arrangements and the performance of wing structure. Here the

analysis only concerns the six dominant modeshapes at low-frequencies of each case due to the limitation

of time and energy.

3.3.1 The Reference Case

Case 1 includes an unstiffened wing structure, of which results are used as a reference for the following

tests. As shown in the Figure 3.5, the six dominant natural frequencies of Case 1 ranges from 3.173 Hz

to 167 Hz.

Casel

1.80E+02 1.67E+02
1.60E+02
1.40E+02
1.20E+02
1.00E+02
8.00E+01
6.00E+01
4.00E+01
2.00E+01
0.00E+00

—&— Casel

Natural Frequency (Hz)

Fig 3.5 Natural Frequencies of Case 1

According to the obtained analysis results, the deformation of wing structure under low frequency

consists of displacement in the z-direction, rotation about x-axis and rotation about y-axis. To illustrate

the results more clearly, the graphs of corresponding modeshapes are drawn according to the obtained

displacement values and shown in the Fig 3.6.
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Mode 1 Mode 2
Mode 3 Mode 4
Mode 5 Mode 6

Fig 3.6 Modeshapes of Case 1 [ Color Denotes the Displacement])

As we can see in the figure, the first modeshape is the bending mode and second modeshape is the

torsion mode, which happens under 3.173 Hz and 14.73Hz, respectively. The bending mode is along the

y-direction, while the central axis of the torsion mode is near to the central line that connects the

supporting node and the middle point of the side edge. Both the third and the fourth modeshape are

composed of bending and torsion motion. The difference between these two similar modes is that the

torsion in the third mode takes place in the proximal part, which near to the supporting point of the wing,

while, in the fourth mode, it occurs at the remote part that is near to the wing tip. The fifth modeshape is

the so-called “saddle mode™. It can be observed that the deflections on both the leading and trailing edges
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and the deflection on the side edge together form a saddle-like shape. Other than that, it also includes

two bending motions and torsion in the proximal part of the wing. Mode 6 occurs at a slightly higher

frequency than Mode 5. In Mode 6, the deflections seen in Mode 5 move from the edges to the wing tips

and the torsion becomes more notable.

3.3.2 Effects of the Longitudinal Veins Arrangements

3.3.2.1 Effects on the Natural Frequencies

From Case 2 to Case 5, various vein arrangements are introduced to the wing structure. The six

dominant natural frequencies of each case are shown in the Table 3.3. Here, the obtained values are

compared with the values of the reference case and the increment percentages of natural frequency due

to the changes of arrangement are shown in the Table 3.4. Fig 3.7 shows the change of natural frequencies

for each Mode from Case 2 to Case 5.

Casel Case2 Case3 Cased Case5
Model 3.17E+00 3.545 3.878 4.452 4.958
Mode2 1.47E+01 | 1.55E+01 | 1.61E+01 | 1.75E+01 | 1.85E+01
Mode3 3.99E+01 | 4.23E+01 | 4.39E+01 | 4.69E+01 | 5.02E+01
Mode4 8.70E+01 | 8.94E+01 | 9.13E+01 | 9.51E+01 | 9.89E+01
Mode5 1.42E+02 | 1.47E+02 | 1.50E+02 | 1.56E+02 | 1.61E+02
Mode6 1.67E+02 | 1.74E+02 | 1.76E+02 | 1.82E+02 | 1.91E+02

Table 3.4 Natural Frequencies of Case 1 to 5

Casel Case? Case3 Case4 Case5
Model 100% 110.58% 122.33% 140.31% 156.26%
Mode2 100% 104.89% 109.57% 118.47% 125.87%
Mode3 100% 106.12% 110.06% 117.54% 125.84%
Mode4 100% 102.75% 104.92% 109.26% 113.63%
Mode5 100% 103.46% 105.63% 109.70% 113.01%
Mode6 100% 104.08% 105.39% 109.16% 114.25%

Table 3.5 Increment Percentages of Natural Frquencies
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Fig 3.7 The change of corresponding natural frequencies for each mode.
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By examining the results of four cases, one can easily find that adding longitudinal veins to the

structure dramatically increases the natural frequencies of Mode 1. It is justified to assume that such

change is due to the fact that adding longitudinal veins increase the stiffness of the whole structure in the

radius direction and make it more resistible to the bending motion along y-axis. The average increment

is around 9.38% for each added vein. The increment of frequency by adding longitudinal veins near the

central line is a little bit higher than the increment by adding veins to the leading edges. Along with the

increase of numbers of longitudinal veins added to the structure, the frequency increment due to each

added vein is decreasing.

Similar tendency can also be observed in other modes, but with less increment. The average increments

of Case 2 and Case 3 are both around 4.3%. Meanwhile, the average increments of rest cases are around

2.2%. Thus we can come to a conclusion that the most significant effect of adding longitudinal veins to
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the natural frequencies is on the first modeshape, that is, the pure bending mode. For other modes which
consist of not only bending motion, but also torsion and various deflections, the effect of adding veins

becomes less considerable.

3.3.2.2 Effects on the Modeshapes

. -

Case 2 Case 3

i

i ——y
Case 4 Case 5

Fig 3.8 Mode 1 a) Case 2 ~5 b) Color bands denote displacement

Fig 3.8 shows the change of mode 1 under different longitudinal vein arrangements. As shown in the
figure, adding longitudinal veins doesn’t change the type of motion, despite that the wing bends in the
reverse direction in Case 4. However, the node displacement in z-direction slightly decrease along with
the increase of number of veins added to the wing structure, which strengthens the stiffness of the

structure.
IS : g !

Case 2 Case 3
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e

Case 4 Case 5
Fig 3.9 Mode2 a) Case 2 ~5b) Color bands denote displacement

Fig 3.9 shows the change of Mode 2, which is the torsion mode, under different vein arrangements.
As seen in Mode 1, here the value of nodes displacement in z-direction drops as well with more veins
added to the wing structure. It is also because the structure stiffness is strengthened by the added

longitudinal veins.

Case 2 Case 3
Case 4 Case 5

Fig 3.10 Mode 3 a) Case 2 ~5Db) Color bands denote displacement

Fig 3.10 shows the change of Mode 3 under different arrangements. Here, the color bands denote the

displacement of each node. As shown in the figure, the red area near the proximal area shrinks along with

the increase number of veins, which indicates the decrease of displacement values of the related nodes

due to the strengthened stiffness. In other words, the torsion has been weakened by the stiffened structure.
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4. -

Case 2 Case 3
Case 4 Case 5

Fig 3.11 Mode 4 a) Case 2 ~5 b) Color bands denote displacement

Fig 3.11 shows the change of Mode 4 under different vein arrangements. Unlike the previous cases,
the node displacement does not always decrease along with the increasing number of veins. When the
vein is added to the leading edge in Case 2, rather than decreasing, the displacement increase at most of
the nodes on the wing structure. However, in Case 3, the node displacement decrease when the vein is
added to the central line. The displacement keeps decreasing while more veins are added to both sides of
the central line. Given the observed facts, it can be assumed that the reason why the displacement in Case
2 increases is that adding longitudinal vein to the leading edge disturbs the structure balance, which
eventually leads to the exacerbation of torsion in Case 2. The balance is soon restored by adding more

veins near the central line, thus the node displacement decreases again.

Case 2 Case 3
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Case 4 Case 5
Fig3.12 Mode 5 a) Case 2 ~5 b) Color Denotes the Displacement

Fig 3.12 shows the change of Mode 5 from Case 2 to Case 5. The node displacement in most part of
the wing structure decreases while more veins are added, especially in the proximal part close to the
supporting point. As seen in the figure, the red area which denotes the deflection in the proximal part
totally disappears in the Case 4. On the contrary, the displacement of where denoted by the green band

and the nodes near the wing tips increases while the veins are added.

= -

Case 2 Case 3

Case 4 Case 5
Fig 3.13 Mode 6 a) Case 2 ~5b) Color Denotes the Displacement

Fig 3.13 shows the change of Mode 6 from Case 2 to Case 5. It can be noticed that, in contrast to what
observed in Mode 5, the node displacement in most part of the wing structure increases. However, just
like the previous case, the displacement near the side edge decreases along with the increasing number

of veins.



3.3.3 Effects of the Cross Veins Arrangements

3.3.3.1 Effects on the Natural Frequencies

Casel Case6 Case7 Case8 Case9 Casel0
Model 3.17E+00 | 3.55E+00 | 3.56E+00 | 3.60E+00 | 3.62E+00 | 3.62E+00
Mode2 1.47E+01 | 1.55E+01 | 1.57E+01 | 1.61E+01 | 1.64E+01 | 1.65E+01
Mode3 3.99E+01 | 4.25E+01 | 4.29E+01 | 4.33E+01 | 4.37E+01 | 4.39E+01
Mode4 8.70E+01 | 8.99E+01 | 9.17E+01 | 9.20E+01 | 9.22E+01 | 9.51E+01
Mode5 142E+02 | 148E+02 | 1.50E+02 | 1.51E+02 | 1.51E+02 | 1.54E+02
Mode6 1.67E+02 | 1.76E+02 | 1.77E+02 | 1.79E+02 | 1.81E+02 | 1.83E+02

Table 3.6 Natural Frequencies of Casel & Case 6 to 10

Casel Caseb Case7 Case8 Case9 Casel0
Model 100% 111.79% | 112.07% | 113.33% | 113.93% | 113.96%
Mode2 100% 105.43% | 106.79% | 109.50% | 111.61% | 112.15%
Mode3 100% 106.70% | 107.58% | 108.63% | 109.53% | 110.14%
Mode4 100% 103.34% | 105.38% | 105.74% | 106.02% | 109.31%
Mode5 100% 104.08% | 105.00% | 105.84% | 106.19% | 108.51%
Mode6 100% 105.21% | 106.23% | 107.37% | 108.08% | 109.82%

3.70E+00

3.60E+00

3.50E+00

3.40E+00

3.30E+00

3.20E400

3.10E+00

4.50E401

4.40E401

4306401

4.20E401

4106401

4.00E401

3.90E401

1.56E+02

154402

1526402

1.50E+02

1.48E+02

1.46€+02

1.44E+02

1426402

1.406+02

Table 3.7 Increment Percentages

1 2

Model

Mode3

Mode5

3

4 5

1706401

1656401

1.60E+01

1556401

1.50E+01

1.45€+01

1.40E+01

9.60E+01
9.50E+01
9.40E401
9.30E401
9.20E401
9.10E+01
9.00E401
8.90E401
8.80E+01
8.70E+01
8.60E401

1.85E402
1.83E+02
1.81E+02
1.79E+02
1776402
1.75E+02
1.736+02
1.71E+02
1.69E+02
167E402

1.65E+02
6

of Natural Frequencies

Mode2

Mode4

Mode6

2 3

4

Fig 3.14 The change of corresponding natural frequencies for each mode
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The effects on the natural frequencies due to different arrangements of the cross veins are shown in
the Table 3.6, Table 3.7 and Fig 3.14. For Mode 1, the average percentage increment of natural frequency
is less than one percent, which is almost negligible. The effect on the natural frequency of Mode 2, which
is the torsion mode, is greater than Mode 1, but it is still relatively smaller than what is observed in the
last section. For Mode 3, the effect is not so obvious as well. Generally, the effect on the frequency of
Mode 4, Mode 5 and Mode 6 is also quite inconsiderable. Nonetheless, it is still notable that adding cross
veins to the remote part that is near the side edge has a much greater influence to the natural frequency

than adding veins to the proximal area of the wing structure.

3.3.3.2 Effects on the Modeshapes

S|

/

Case 6 Case 7
Case 8 Case 9

i

Case 10
Fig 3.15 Mode 1 a) Case 6 ~10 b) Color bands denote displacement
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Fig 3.15 shows the change of Mode 1 from Case 6 to Case 10. In general, the node displacement all
over the wing structure increases due to the cross veins added to it. However, the average value of
increase is really small, which is only around 1% of the original value. The rotations about X-axis and
Y-axis also change slightly by the arrangements and do not have any considerable impact on the structure
performance. Considering the outcome regarding the natural frequency in the previous context, we can
now assert that the cross vein arrangements is not a key factor to the change of Mode 1 because of its

limited effect to the structure performance in this Mode.

= P |

Case 6 Case 7
Case 8 Case 9

P

Case 10
Fig 3.16 Mode 2 a) Case 6 ~10 b) Color bands denote displacement

Fig 3.16 shows the performance of Mode 2 under different cross veins arrangements. Adding cross
veins to different part of the structure has different effects on Mode 2, the Torsion Mode. According to

the results of the test, we can find that adding veins to the proximal area that is near to the supporting
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point will cause the decrease of node displacement in the whole wing area. On the other hand, the

displacement will increase when cross veins are added to the remote part, which is near to the side edge.

—

Case 6 Case 7

-m

Case 8 Case 9

)

)

Case 10
Fig 3.17 Mode 3 a) Case 6 ~10 b) Color bands denote displacement

Fig 3.17 shows the Mode 3 in the five different cases. When the first cross vein added to the structure

in Case 6, the node displacement in the whole area decrease. Then we add one cross vein to each side of

the vein added in the last Case, surprisingly, the displacement is increased even the structure is actually

stiffened by the two added veins. To further explore the effect of the cross veins, more cross veins are

added to the proximal part of the wing in the following Case 8 and Case 9. After analyzing the results,

we can find that the displacement near the supporting point decreases in both of the cases, which implies

that the torsion and bending motion in this area can be resisted by the added veins. Nevertheless, only

random changes in a relatively small scale can be observed after adding the two veins. In the Case 10,
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another two veins are added to the remote part, which lead to a considerable increase of displacement to
the whole structure. Then we can have the conclusion that adding cross veins to the proximal area can
resist the deformation around the veins yet not much difference will be made to the remote part. At the

same time, adding cross veins to the remote part will enhance the deformation in the whole structure.

—4

A

Case 6 Case 7

5

A

Case 8 Case 9

A

Case 10
Fig 3.18 Mode 4 a) Case 6 ~10 b) Color bands denote displacement

Mode 4 from Case 6 to Case 10 is shown in the Fig 3.18. In general, the displacement is decreased by

the added cross veins, despite a small part of it is increased. The most obvious example can be observed

in the Case 10, where most of the red band which can be seen in the previous Cases is eliminated. Based

on the result of the analysis, it can be suggested that the torsion happens in the remote part can be resisted

by the added cross veins, regardless of their positions.
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Case 6 Case 7

)
p

Case 8 Case 9

4

Case 10
Fig 3.19 Mode 5 a) Case 6 ~10 b) Color bands denote displacement

The Fig 3.19 represents the change of Mode 5, the saddle mode, in the five cases. The effects of the

cross veins on the structure performance can be concluded as the following: 1) Adding cross veins to the

proximal area will lead to the increase of displacement in the most of the wing area while the

displacement in certain part my decrease. 2) Adding cross veins to the remote area will cause the increase

of displacement over the whole area, except for a small part of it will remain decreasing. 3) In most cases,

the cross veins added to the remote area will have more significant influence than the veins added near

the supporting point.
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Case 6 Case 7
Case 8 Case 9
A

Case 10

Fig 3.20 Mode 6 a) Case 6 ~10 b) Color bands denote displacement

The Fig 3.20 shows the change of Mode 6 from Case 6 to Case 10. In this case, the effect of the added

cross veins is more likely to enhance the deformation of the structure under the natural frequency. In

Case 10, we can see that the increase of node displacement usually happens near the added veins and the

wing edge. However, under certain circumstances, the node displacement may also be decreased. As seen

in Case 7, adding veins to both sides of the middle line leads to the tendency of displacement decrease

in most part of the wing. In Case 8, even though the node displacement in the proximal area is increased,

the displacement in the remote part is still decreased. By adding more veins to the proximal area, even

the displacement in such area is eventually decreased. Till now, we may conclude that the either adding

cross veins to the proximal or the remote area will lead to the increase of node displacement. Yet, by

adding cross veins carefully to the proximal area and control the number of veins we use, it is still possible

to resist the structure deformation in Mode 6.



3.3.4 Effects of the Combined Vein Arrangements

3.3.4.1 Effects on the Natural Frequencies

Casel Casell Casel? Casel3
Model 3.17E+00 | 4.96E+00 | 4.98E+00 | 5.04E+00
Mode2 1.47E+01 | 1.86E+01 | 1.89E+01 | 1.96E+01
Mode3 3.99E+01 | 5.05E+01 | 5.09E+01 | 5.21E+01
Mode4 8.70E+01 | 9.95E+01 | 1.01E+02 | 1.05E+02
Mode5 1.42E+02 | 1.61E+02 | 1.64E+02 | 1.69E+02
Mode6 1.67E+02 | 1.92E+02 | 1.94E+02 | 2.01E+02
Table 3.8 Natural Frequencies of Casel & Case 11 to 13

Casel Casell Casel2 Casel3
Model 100% 156.45% | 156.92% | 158.97%
Mode2 100% 126.48% | 127.97% | 132.86%
Mode3 100% 126.67% | 127.65% | 130.66%
Mode4 100% 114.31% | 116.32% | 120.46%
Mode5 100% 113.50% | 115.19% | 118.57%
Mode6 100% 115.15% 116.41% 120.24%

Table 3.9 Increment Percentages of Natural Frequencies

Model Mode2
7.00E+00 2.40E+01
5.00E+00 1.90E+01 /_’—-
3.00E+00 /__ 1.40E+01

1 2 3 4 1 2 3 4

Mode3 Mode4
5.50E+01 1.20E+02
4.50E+01 S/ 1.00E+02 /—/
3.50E+01 8.00E+01

1 2 3 4 1 2 3 4

Mode5 Modeb
2.20E+02 2.50E+02
1.70E+02 —— 2.00E+02 /4—
1.20E+02 1.50E+02

1 2 3 4 12 3 4

Fig 3.21 The change of corresponding natural frequencies for each mode
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Case 11 to Case 13 are tested and the obtained natural frequencies are shown in the Table 3.8. Table
3.9 shows increment of natural frequency compared to Case 1. Fig 3.21 shows the change of
corresponding natural frequencies for each mode. By analyzing the tests results, we can see that the
frequency increment due to the combined veins arrangements is very close the sum of the increment due
to longitudinal veins and cross veins, of which the errors are less than 1%.

By comparing the contribute of cross veins and longitudinal veins to the frequency increment, we can
find that the influence of the later one in much more considerable than the former. The ratio of the
contribute due to cross veins to the contribute due to longitudinal veins ranges from 0.06 to 0.4. The
smallest one can be seen in Case 1 while the highest value can be found in Case 4. For Case 2 and Case
3, the ratio is 0.28 and 0.156, respectively. For Case 5 and Case 6, the ratio is around 0.4.

Based on the analysis above, we can suggest that the longitudinal veins always play a major part in
the change of natural frequency. The effect of cross veins is more apparent on the relatively high
frequencies than on the lower ones.

3.3.4.2 Effects on the Modeshapes

‘

Case 11 Case 12

Case 13
Fig 3.22 Mode 1 a) Case 11 ~ 13 b) Color bands denote displacement
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Fig 3.21 shows the change of Mode 1 from Case 11 to Case 13. By comparing Case 11 with Case 6,
similar effect of longitudinal veins, which has been discussed in the section 3.2.2.2, can be observed. So

does comparing Case 7 with Case 12 and comparing Case 5 with Case 13.

Case 11 Case 12

P |

Case 13
Fig 3.23 Mode 2 a) Case 11 ~13 b) Color bands denote displacement

Fig 3.23 shows the change of Mode 2 from Case 11 to Case 13. After analyzing the effect of adding
two different kinds of vein to the structure, it can be noticed that adding longitudinal veins is more
effective at reducing the node displacement in the proximal area than adding cross veins. On the other
hand, it is also confirmed that, in a mixed situation, adding cross veins can still enhance the deformation

in the remote area.

Case 11 Case 12
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Case 13
Fig 3.24 Mode 3 a) Case 11 ~ 13 b) Color bands denote displacement

In Fig 3.24, the change of Mode 3 from Case 11 to Case 13 is shown. Given the comparison between

Case 11 and Case 6, node displacement in the whole area is decreased with the added longitudinal veins.

The same conclusion can be found by comparing Case 5 and Case 11. Moreover, it should be pointed out

that the value of placement decrease in the remote area is smaller than the value in the proximal area. By

comparing Case 5, Case 10 and Case 13, it can be seen that the displacement increase due to longitudinal

veins is smaller than the increase due to cross veins. Meanwhile, the displacement decrease due to

longitudinal veins is larger than the decrease due to cross veins. Thus, we can suggest that adding

longitudinal veins can enhance the displacement decrease in the wing structure with cross veins. It can

also weaken the displacement increase due to the cross veins. Since the value of displacement decrease

is usually larger than the value of displacement increase due to the cross veins, the tendency of

displacement increase caused by the cross veins can be inverted by adding longitudinal veins.

Case 11 Case 12
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Case 13
Fig 3.25 Mode 4 a) Case 11 ~ 13 b) Color bands denote displacement

The change of Mode 4 is shown in Fig 3.25. As seen in the previous sections, the overall tendency of
the change of node displacement is decreasing. However, the value of displacement decrease here is not
always among the two values obtained in the uncombined arrangement cases. Sometimes it’s even higher
than either of them, which shows that the results of the combined arrangements here are not simply sum

of the results of two independent cases, but include interaction between longitudinal and cross veins.

Case 11 Case 12

Case 13
Fig 3.26 Mode 5 a) Case 11 ~13 b) Color bands denote displacement

Fig 3.26 shows the change of Mode 5 from Case 11 to Case 13. For the saddle mode, the effect of
either adding cross veins or adding longitudinal veins still follows the principle discussed in the two

previous sections. And the value of displacement change is among the values obtained in component
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cases. In the meantime, the value of displacement decrease in certain area is still higher than both of the

values we have in the component cases, which means the interaction seen in the last section still exists.

Case 11 Case 12

Case 13
Fig 3.27 Mode 6 a) Case 11 ~13 b) Color bands denote displacement

Fig 3.27 shows the change of Mode 6 from Case 11 to Case 1. When adding cross veins and adding

longitudinal veins both lead to increase of displacement at the nodes, the increment value at most of the

nodes tends to be higher than the values seen in each of the component cases. Otherwise, the value of

displacement change will most likely to be among the values obtained in each case that form the

combined arrangement. Only at a few nodes that the displacement decrease due to the combined

arrangements is higher than both of the component cases.
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Chapter Four
Conclusions and Future Work
4.1 Conclusions

After conducting all the thirteen test cases and analyzing the effects of different vein arrangements on
the six dominant modeshapes and corresponding eigenvalues of each case, the effects of longitudinal
veins and cross veins to each mode are concluded, respectively.

From the research, we can see that both the longitudinal veins and the cross veins can change the
natural frequencies of the structure. However, the longitudinal vein plays a much more considerable role
in the change of natural frequency when compared with the cross veins. In other words, the stiffness of
the structure is mainly influenced by the longitudinal veins.

The effects of adding veins on the insect wing deformation sometimes varies within structure, rather
than yield the general tendency in the whole area. Adding veins to the different area in the same structure
will cause different consequences. In certain cases, it even reverses the deformation.

When the arrangement consists of both longitudinal veins and cross veins, the change of deformation
will be compromised in most cases. Nonetheless, the change will occasionally be dominated by one of
them if the change of deformation is inverse to each other and the values of change differ greatly.

Moreover, it is also observed that, in some cases, the deformation change is strengthened and the value
of change is even higher than any of the original values obtained in the component cases, which indicates

a possible relationship between the cross veins and longitudinal veins in the combined arrangements.



56

4.2 Future Work

The analysis of the natural frequencies and the corresponding modeshapes is only the first step of

structural dynamic analysis. It gives us a general picture of how the vein arrangements change the

deformation of wing structure under varies natural frequencies and it is conducted in the semi-static

situation without any applied load.

In future work, the interaction between the wing structure and the airflow should be considered in the

test process. Additionally, the Newmark method will be introduced in order to analyze the deformation

of insect wings in the flapping motion. A more refined Finite Element Modelling of the wing structure

will also be developed in future tests, along with more carefully planned test cases. In future, not only

the general deformation changes will be discussed, the detailed principles behind the changes will be

analyzed as well, especially the potential relationships between these two kinds of veins.

All the work mentioned above is to serve the ultimate goal of the research, that is, to design a much

more efficient wing structure with optimized vein distribution for the future insect-like Micro Air

Vehicles.
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Appendices

Al. Triangular Coordinates:

1
Li = ﬂ (A(l) + aiX + blY)
A(i) = X1 — X1
A4 =Yi—N1=Yp
bi =X1—X]‘ =X1j

aLi _ aj
ox  2A
\ay T 2A
—a,
Cij = COSYi]' = l_
ij
. —b
tsi]- = sinyy; = o—
ij

A.2 Node Coordinate:
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/ 2
/ 3
/ 5 N
/6
7 '
A B C D E F G H I J
1 | 200 [15,0,0] [18,0,0; [21,0,0] [24,0,0] [28,0,0] [31.30,00] | [3537,00] | [40.50,0,0] | [48,0,0]
2 | [11.3446- | [14.1808- | [17.0169 | [19.8531- | [22.6892- | [26.4707,- | [27.9864, | [33.4367- | [38.2993- | [45.38,-
0.6546,0] | 0.8182,0] 09819,0] | 1.14550] | 1.3002,0] | 15274,0] | 1.0479,0] 1.9293,0] 2.2099,0] 2.62,0]
3 | [10.7188- | [13.3984- | [16.0781- | [18.7578- | [21.4375- | [25.0104- | [27.9790, | [31.5921- | [36.1990 | [42.98,-
1.2797,0] 1.5996,0] 1.9195,0] 2.23940] | 25593,0] | 2.9859,0] | 1.6144,0] 3.7717,0] 4.3217,0] 5.12,0]
4 | [10.1153,- | [12.6441- | [15.1730,- | [17.7018,- | [20.2306,- | [23.6024,- | [29.5889,- [27.9405,- [34.1726,- [40.46,-
1.88240] | 2.3530,0] 2.8236,0] | 3.2042,0] | 3.76480] | 4.3922,0] | 1.7073,0] 4.5693,0] 6.3593,0] 7.53,0]
5 [9.4671,- [11.8338,- [14.2006,- [16.5674,- [18.9341,- [22.0898, - [27.9719,- [27.9323,- [31.9942,- [37.87,-
252980] | 3.1623,0] 37947,0] | 4.4272,0] | 5.05960] | 5.9029,0] | 2.1589,0] 5.1980,0] 8.5496,0] 10.1,0]
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6 | [8.2305- [10.2881,- | [12.3457,- | [14.4033,- | [16.4609,- | [19.2044- | [27.9719,- | [29.8135- | [27.8343- | [32.9-
3.7649,0] | 4.7061,0] 564740] | 6.5886,0] | 7.52980] | 8.7848,0] | 3.3223,0] 5.5481,0] 12.73240] | 15.1,0]
7 | [6.9341- [8.6677,- [10.4012,- | [12.1347- | [13.8683- | [16.1797. | [26.3826,- | [27.9227- | [23.4673- | [27.74-
5.0596,0] | 6.3246,0] 758950] | 8.8544,0] | 10.1193,0] | 11.8058,0] | 4.9096,0] 5.9358,0] 17.1234,0] | 20.2,0]
8 [24.6919,- | [27.9029,- | [27.8710-
6.5983,0] 7.4563,0] 9.9071,0]
[21.4666,- | [24.2582-
9.8196,0] 11.0966,0]
[18.0856,- | [20.4375-
13.19650] | 14.9126,0]

A.3 The top view and side view of the modeshape
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