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Lift production is constantly a great challenge for flapping wing micro air vehicles (MAVs). Designing a workable wing, therefore,
plays an essential role. Dimensional analysis is an effective and valuable tool in studying the biomechanics of flyers. In this paper,
geometric similarity study is firstly presented. Then, the pw −AR ratio is defined and employed in wing performance estimation
before the lumped parameter is induced and utilized in wing design. Comprehensive scaling laws on relation of wing
performances for natural flyers are next investigated and developed via statistical analysis before being utilized to examine the
wing design. Through geometric similarity study and statistical analysis, the results show that the aspect ratio and lumped
parameter are independent on mass, and the lumped parameter is inversely proportional to the aspect ratio. The lumped
parameters and aspect ratio of flapping wing MAVs correspond to the range of wing performances of natural flyers. Also, the
wing performances of existing flapping wing MAVs are examined and follow the scaling laws. Last, the manufactured wings of
the flapping wing MAVs are summarized. Our results will, therefore, provide a simple but powerful guideline for biologists and
engineers who study the morphology of natural flyers and design flapping wing MAVs.

1. Introduction

Over the last decade, numbers of scholars have explored and
studied flapping wing MAVs inspired by natural flyers, such
as insect-like MAVs (i.e., Micromechanical flying insects [1],
Harvard RoboBee [2], KUBeetle [3], DelFly [4], FlowerFly
[5], Festo-Dragonfly [6], and Festo-Butterfly [7]) and bird-
like MAVs (i.e., Nano hummingbird [8], Giant humming-
bird [9, 10], and Festo-SmartBird [11]) since natural flyers
have surprising behaviours including flapping, gliding, and
soaring. In particular, flies, bees, and hummingbirds are
characterized by acrobatic hovering flight. However, generat-
ing enough lift is a constant challenge in designing flapping
wing MAVs, which mostly relies on wing performances such
as flapping frequency, wing surface, aspect ratio, flapping
amplitude, lift coefficient, and wing loading. Therefore, wing
design remains a challenging task.

For such reason, wing design has become a major
research topic over the last decade. In nature, flying animals
have widely different shapes, configurations, and structural
properties, which may be linked to the differences in flapping
kinematics [12]. Several flat and rigid wings were designed,
studied, and optimized by some researchers. For example,
Ansari et al. [13] studied the effects of different wing geome-
tries based on the unsteady aerodynamic numerical analysis.
Results showed that the best performing wing should have
nearly straight leading edges with large surfaces outboard.
Phillips et al. [14] presented recent experimental results
on rigid rectangular wings, and they observed that the wing
with AR = 12 generated the highest lift coefficient. Besides,
rigid hawkmoth-like wings are also studied by Lua et al.
[15]. Although certain results were obtained on rigid flat
wings, rigid wings had worse performance than flexible wings
[16–19]. Natural flyers have wings with several degrees of
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freedom when flapping. They can vary from one flight mode
to another by adjusting the wing motion pattern with the
wing shape deformation [16, 20]. It means that natural flyers
flex their wings actively or passively to change the shape,
geometry, and surface of the wing when flapping. The
increase in the projected wing area enhances the aerody-
namic performance when wing deformation occurs [21].
Additionally, Nan et al. [22] studied the flexible wings with
a camber angle. The result shows that the camber angle and
aspect ratio specifically have a significant effect on the force
generation and wing efficiency. At the same time, the aspect
ratio effects are further studied on revolving with Rossby
number [23]. To obtain the rapid predictions of lift genera-
tion, an improved quasi-steady aerodynamic model for flap-
ping wings during hovering was also proposed [24]. Recently,
the optimization study on simple and complex pitching
motions for flapping wing over hovering is done by Lee and
Lua [25].

Although plentiful researches have been launched such as
[26, 27], no standard criteria are presented, as wing design of
flapping wing MAVs is strongly varied with diverse catego-
ries of flapping wing MAVs. Therefore, scaling law is neces-
sary and useful as a basic tool in supervising wing design.
By studying the effects of different physical parameters on
flight performance, it will benefit for the research of flying
animals’ flight mechanisms, which will then help to discover
the pattern applied in designing flapping wing MAVs. By
means of analyzing the scaling study, it essentially indicates
the relation among different physical parameters in different
species or the same species [28]. Importantly, it can be
employed to estimate a parameter varying with another
one, which is a significantly efficient tool in designing flap-
ping wing MAVs. Some scholars studied and explored the
relation between wing characteristics and body mass from a
natural perspective, which is applied in the wing design of
bioinspired flapping wing MAVs. Dudley [29] studied the
relations between morphometrics and kinematics of butter-
flies. Byrne et al. [30] presented the relationship among wing
loading, wingbeat frequency, and body mass on homopter-
ous insects. Corben [31] exhibited the relation among wing-
beat frequency, wing area, and mass of flying insects and
hummingbirds, while Bullen and McKenzie [32] explored
the scaling law between wingbeat frequency and amplitude
angle on bats. Ha et al. [33] studied the relationship between
wingbeat frequency and resonant frequency of the wings on
insects. Greenewalt [34] also surveyed the relationship
between wing length and weight of natural flyers. Tennekes
[35] presented the relations among different physical param-
eters for different flyers including insects, birds, and even jets.
Besides, Shyy et al. [36] did a similar study as well, and a sim-
ple summary of the relation among different physical param-
eters was presented.

Although many studies on natural wing characteristics
have been conducted, no comprehensive analysis regarding
these characteristics is systematically organized, especially
for the wing lumped parameter k of flying animals. Besides,
comparative studies on flapping wing MAVs have not been
accomplished. In this study, the geometric similarity study
is firstly explored and then the pw −AR ratio is presented

and employed to estimate the wing performances. The
comprehensive scaling laws are subsequently analyzed and
achieved from a morphometric perspective by collecting
extensive data of natural flyers. The wing performances of
the existing flapping wing MAVs are also studied, which
follows the obtained scaling laws. Last, the steps of wing
manufacture and take-off demonstration are presented,
and the manufactured wings of the flapping wing MAVs
are summarized.

2. Basic Definitions and Geometric Similarity

This section presents the flying animals and flapping wing
MAVs that are assessed in this study. Some parameters are
collected from existing literature, whereas others are com-
puted based on theoretical functions provided in this paper.
The units and definitions of parameters are unified to make
the results comparable. Some morphological parameters
of natural flyers from existing literature are exhibited in
Table 1. The collected species of flying animals include
insects (such as bees, mosquitoes, flies, beetles, dragonflies,
butterflies, and hawkmoths), bats, hummingbirds, and other
birds such as seabirds.

If birds are assumed to be a geometric similarity, then the
weight, lift force, and mass can be expressed as characteristic
length l during steady-state flight. The total surface A includ-
ing two wings’ surface or four wings’ surface with the body
area projected, and volume V varies with characteristic
length l, that is, A ~ l2, V ~ l3. In hovering or steady-state
flight, it is reasonable to assume that the weight is propor-
tional to lift force FL.

W ~ FL ~
1
2
CLρV

2
t A, 1

whereW is weight (N), ρ is air density (kg/m3), CL is lift coef-
ficient, and Vt is forward flight velocity (m/s).

W =mg ~ FL ~V ~ l3, 2

where m is the mass of flyer (kg) and g is the gravitational
acceleration (m/s2).

Total surface can be presented as

A ~ l2 ≈ m1/3 2 ≈m2/3, 3

where A is the total surface (mm2), including two wings’ sur-
face or four wings’ surface with the body area projected.

2.1. Mean Wing Chord. The mean wing chord is defined as a
single wing surface divided by the wing length, which is
expressed as follows:

c =
S
R
~ l ~m1/3, 4

where S is the single wing surface (mm2) and R is the single
wing length (mm).
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Table 1: Wing parameters of various natural flyers.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

Brachycera (fly)

Hoverfly [59] 0.022 11.3 166 — — — —

[60] 0.027 9.3 160 20.48 6.53 8.45 0.44

Fruit fly [61] 0.001 2.8 225 — — — —

[60] 0.00072 2.02 254 1.36 2.59 6 0.28

[52] 0.002 3 200 1.45 6.76 12.41 0.14

March fly [62]
0.065 17 100 — — — —

0.027 14 130 — — — —

Conopid fly [62] 0.027 12 144 — — — —

Bluebottle fly [62] 0.062 10 135 — — — —

Black fly [62] 0.0008 3.8 183 — — —

Drone fly [60]
0.068 11.4 157 36.89 9.09 7.05 0.49

0.17 14.7 209 — — — —

Calliphiora [63]

0.015 — 180 15.3 4.80 — 0.5

0.094 — 156 39.8 11.57 — 0.45

0.062 — 165 33.85 8.97 — 0.5

0.106 — 156 36.55 14.21 — 0.39

0.061 — 161 30.55 9.78 — 0.44

0.064 — 152 30.55 10.27 — 0.41

0.035 — 156 25.3 6.78 — 0.47

0.033 — 165 26.25 6.16 — 0.53

0.03 — 161 28.5 5.16 — 0.59

0.044 — 165 29 7.43 — 0.5

0.05 — 175 33.65 7.28 — 0.58

0.206 — 185 49.4 20.43 — 0.46

Eristalis [63]

0.106 — 175 38.25 13.58 — 0.46

0.093 — 180 41.95 10.86 — 0.55

0.176 — 185 43.95 19.62 — 0.43

0.143 — 185 40.95 17.11 — 0.44

Nematocera
(Mosquite)

Crane fly [60] 0.011 12.7 45.5 30.18 1.85 10.69 0.29

[45] 0.05 18.1 58 — — — —

Aedes aegypti [64] 0.0012 4.4 470 — — — —

Aedes aegypti [65] 0.001 2.5 600 1.75 2.8 7.14 0.74

Tipulasp [63] 0.028 17.3 53 79.58 1.72 7.52 0.56

Theobaldia annulata [63] 0.01 6.3 262 10.08 4.86 7.88 0.58

Nematocera [63]

0.021 — 63 37.75 2.73 — 0.36

0.035 — 42 69 2.49 — 0.34

0.03 — 63 43.95 3.34 — 0.35

0.034 — 49 62.5 2.67 — 0.37

0.03 — 49 65 2.26 — 0.41

0.021 — 49 45.35 2.27 — 0.34

0.02 — 63 30.7 3.19 — 0.3

0.075 — 49 76 4.84 — 0.3

0.023 — 48 65.5 1.72 — 0.46

0.022 — 48 60 1.80 — 0.43

0.022 — 48 53 2.03 — 0.38

0.025 — 49 50.5 2.43 — 0.35

0.001565 — 67 10.65 0.72 — 0.4

0.00083 — 80 9 0.45 — 0.55
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Table 1: Continued.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

0.0099 — 262 8.45 5.74 — 0.49

0.001025 — 600 1.2 4.19 — 0.5

0.00189 — 360 2.5 3.70 — 0.46

0.0058 — 277 7.5 3.79 — 0.6

Bee

Orchid bee [66] 0.09 10 214 — — — —

[52] 0.15 13 189 — — — —

[63] 0.82 25 105 — — — —

Honey bee [45] 0.1 9.8 197 30.14 16.6 6.4 0.42

Honey bee [67] 0.1 15.9 197 — — — —

Bumble bee [60] 0.18 13.2 155 54.9 15.6 6.35 0.44

[68] 0.6 22.3 167 — — — —

[67] 0.23 20.7 152 — — — —

[67] 0.23 20.7 140 — — — —

Xylocopa pubescens [33]
0.66 10 111.1 63.7 25.53 3.14 0.39

0.72 9.65 111.1 59 29.91 3.16 0.34

Bombus rupestris [33]
0.33 8.1 111.1 39.88 20.22 3.3 0.34

0.45 10.4 107.1 53.23 20.81 4.06 0.38

Tipula obsolete [45]
0.019 13.7 — 35.92 2.59 10.45 —

0.011 12.7 — 29.51 1.89 10.93 —

Tipula paludosa [45]

0.034 16.2 — 45.29 3.75 11.59 —

0.05 17.4 — 53.82 4.54 11.25 —

0.043 17.2 — 53.59 3.94 11.04 —

Episyrphus balteatus [45]

0.052 10.2 — 23.84 10.6 8.73 —

0.042 10 — 24.21 8.53 8.26 —

0.035 10.2 — 25.59 6.65 8.13 —

0.029 9.7 — 22.46 6.4 8.38 —

0.041 9.9 — 23.17 8.72 8.46 —

0.014 9 — 19.49 3.52 8.31 —

0.027 9.3 — 20.47 6.54 8.45 —

0.028 10 — 25.25 5.46 7.92 —

0.014 7.7 — 14.2 4.9 8.35 —

0.022 9.5 — 21.88 4.98 8.25 —

0.025 9.5 — 21.46 5.8 8.41 —

Eristalis tenax [63]
0.068 11.4 — 36.35 9.23 7.15 —

0.11 11.1 — 33.35 16.5 7.39 —

Apis mellifera [63]

0.1 9.8 — 28.5 17.5 6.74 —

0.097 9.5 — 27.14 17.6 6.65 —

0.078 9.3 — 25.78 16.6 6.71 —

0.097 9.6 — 28.01 17 6.58 —

0.087 9.4 — 26.82 15.9 6.59 —

Psithyrus vestalis [63]
0.19 14.3 — 63.21 14.6 6.47 —

0.16 13.8 — 57.02 13.5 6.68 —

Bombus terrestris [63]
0.22 14.3 — 63.9 17.1 6.4 —

0.23 14.2 — 57.78 22.6 6.98 —

Bombus hortorum [63] 0.23 14.1 — 59.08 18.8 6.73 —

Bombus agrorum [31]
0.17 11.4 — 40.05 21.3 6.49 —

0.14 11.4 — 38.28 18.3 6.79 —

Bombus lucorum [63] 0.23 14.1 — 58.22 19.5 6.83 —
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Table 1: Continued.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

German wasp [69] 0.24 16.2 — 66.5 17.68 7.89 —

European hornet [69] 0.6 21.5 — 152 19.25 6.08 —

European hoverfly [69] 0.13 12.68 — 41.3 15.31 7.78 —

Honey bee [69] 0.1 9.95 — 29.9 15.98 6.62 —

Red-tailed bumblebee [69] 0.5 16.5 — 82.5 29.4 6.6 —

Buff-tailed bumblebee [69] 0.39 16 — 71 26.78 7.21 —

Bumblebee [70] 0.18 13 150 53 16 6.6 0.41

Coleoptera
(beetle)

Tibicen linnei [33]

1.83 23.51 42.54 361.2 12.41 3.06 0.5

1.85 23.35 44.1 356.5 12.74 3.06 0.51

1.89 24.35 42.3 377 12.3 3.15 0.51

1.81 23.55 42.9 359.55 12.36 3.08 0.51

1.75 23.35 40.5 355.58 12.05 3.07 0.48

1.84 22.95 42.9 357.38 12.61 2.95 0.5

Allomyrina dichotoma [33]

4.29 22.23 37.46 322.14 32.73 3.07 0.25

4.3 22.2 37 320 32.96 3.08 0.25

4.5 24 36.1 366.5 30.11 3.14 0.28

3.79 21.6 35.7 300.7 30.91 3.1 0.24

4.61 22.4 39.5 329 34.36 3.05 0.27

4.24 20.95 39 294 35.31 2.99 0.25

Ladybird [60] 0.034 11.2 54 36.12 4.67 6.95 0.23

Coccinella 7-punctata [63]

0.036 11.7 — 38.18 4.61 7.17 —

0.027 11 — 34.04 3.85 7.11 —

0.024 10.3 — 30.27 3.84 7.01 —

0.034 11.2 — 35.49 4.76 7.07 —

0.031 10.8 — 32.95 4.57 7.08 —

0.597 — 62 222.5 13.15 — 0.4

Coleoptera [63]
0.142 — 80 66.5 10.46 — 0.31

0.291 — 78 114.5 12.45 — 0.37

Odonata
(dragonfly)

Anax parthenope Julius [69]
0.79 71.6 — 995 3.89 10.305 —

0.79 74.7 — 1090 3.55 10.245 —

Damselfly [70]

0.045 29.9 27.5 118 1.86 15.15 0.34

0.046 29.7 31.3 121 1.85 14.55 0.39

0.052 29.1 34.1 115 2.2 14.7 0.38

0.042 29.2 33.1 121 1.74 14.1 0.43

Sympetrum flaveolum [33]

0.37 21.8 34.8 415.6 2.2 2.28 1.05

0.33 21.65 38.5 416.4 1.97 2.26 1.24

0.37 20.6 37.9 387.4 2.31 2.2 1.07

0.31 20.95 35.3 370.1 1.93 2.22 1.04

Aeschna juncea [71]
0.75 47.4 — 386.4 4.15 11.63 —

— 46 — — 4.15 8.4 —

Odonata [72]

0.092 23.5 41 193.5 2.33 5.71 0.58

0.101 27 44 255 1.94 5.72 0.78

0.137 27.9 41 272.5 2.46 5.71 0.67

0.102 22.5 41 177 2.82 5.72 0.51

0.077 22.2 41 172.5 2.19 5.71 0.56

0.09 25.4 46 226 1.95 5.71 0.77

0.091 25.4 41 226 1.97 5.71 0.68
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Table 1: Continued.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

Butterfly

Battus polydamas [60] 0.45 53 12.4 1682.04 1.33 3.34 0.69

Papilio thoas [29] 0.42 58.4 9.5 1937.82 1.07 3.52 0.63

Parides childrenae [29] 0.37 46.1 12 1101.15 1.66 3.86 0.48

Aphrissa boisduvalii [29] 0.14 32.5 13.7 1010.77 0.67 2.09 0.82

Itaballia demophile [29] 0.089 28.4 11.7 653.09 0.66 2.47 0.57

Archaeoprepona demophon [29] 1.06 60.4 8.9 2634.05 1.97 2.77 0.51

Myscelia cyaniris [29] 0.091 31.6 9.1 715.82 0.62 2.79 0.48

Pyrrhogyra naearea [29] 0.11 30.6 10.7 796.9 0.69 2.35 0.57

Siproeta stelenes [29] 0.24 40.9 10.7 1203.46 0.98 2.78 0.58

Dryas iulia [29] 0.18 44.1 13.9 764.17 1.12 5.09 0.55

Janatella leucodesma [29] 0.024 18.1 13.3 246.32 0.48 2.66 0.47

Morpho amathonte [29] 0.33 70.3 6.4 3594.25 0.45 2.75 0.89

Morpho peleides [29] 0.36 60.5 6.9 2815.58 0.62 2.6 0.72

Caligo illioneus [29] 1.04 74.3 9.6 4907.1 1.05 2.25 1.02

Pierella luna [29] 0.077 35.1 13.7 772.42 0.49 3.19 0.84

Ochlodes [33] 0.13 9.87 56.97 112.25 2.94 1.74 0.79

Pieris rapae [33]

0.037 12.1 12.8 203.75 0.4 1.44 0.6

0.039 12.1 9.9 229.35 0.42 1.28 0.51

0.042 11.4 12.7 225.35 0.46 1.15 0.62

0.03 12.8 11.7 219 0.34 1.50 0.65

0.05 12.3 13.1 253 0.49 1.20 0.66

0.04 11.94 12.04 231.09 0.42 1.23 0.61

Plusia gamma [33]

0.06 7.35 43.5 60 2.43 1.80 0.47

0.095 8.4 44.8 84 2.77 1.68 0.54

0.095 8.25 50.8 83.2 2.8 1.64 0.61

0.065 8 47.6 72.85 2.2 1.76 0.6

0.079 8 46.68 75.015 2.55 1.71 0.55

Ochlodes [33]

0.13 9.55 56.6 110.95 2.78 1.64 0.77

0.15 10.15 57.7 115 3.15 1.79 0.76

0.13 9.9 56.6 110.8 2.89 1.77 0.77

Scarce swallowtail [73] 0.38 36.99 — 1800 0.82 1.52 —

Large white [73] 0.15 31.01 — 920 0.68 2.09 —

Small heath [73] 0.05 15.99 — 240 0.94 2.13 —

Hawkmoth

[12]

1.12 45.6 26.1 — — — —

1.83 43.5 25.9 — — — —

1.58 48.5 26.1 891 8.93 5.28 0.41

1.65 51.9 26.3 953.5 8.53 5.65 0.43

2 52.1 25.4 983.5 10.33 5.52 0.39

[74]

1.41 49.7 28 994 6.95 4.97 0.52

1.51 53.1 29 1067.3 6.93 5.28 0.56

1.29 51.6 31 1021.7 6.19 5.21 0.62

1.47 50.8 27 909.3 7.92 5.68 0.45

Emmelina monodactylus [45] 0.0084 11.1 — 42.56 0.97 5.79 —

Manduca sexta [45]

1.32 51.8 — 981.1 6.6 5.47 —

1.58 48.7 — 817.8 9.5 5.8 —

1.39 46 — 759.8 8.96 5.57 —

1.34 51.8 — 918.9 7.17 5.84 —

[73] 1.69 48.51 — 900 9.2 5.23 —
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Table 1: Continued.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

[75] 1.67 49 25 891 9 5.3 0.38

Giant peacock moth [73] 2.19 74.5 — 6000 1.54 1.85 —

Death’s-head hawkmoth [73] 1.67 51.02 — 1025 7.65 5.08 —

Hummingbird hawkmoth [73] 0.29 21.3 — 189.5 7.29 4.79 —

Bats

Soricina [76]
10.1 115 — 4266 11.3 6.2 —

9.5 115 — 4266 10.8 6.2 —

Yerbabuenae [76]
21.6 167.5 — 7903 13.4 7.1 —

23.6 161.5 — 7671.25 15.1 6.8 —

Glossophaga soricina [77] 11 119.72 — 4550 11.9 6.3 —

Glossophaga soricina [78] 10.5 120.96 — 4645 11.2 6.3 —

Leptonycteris yerbabuenae [79] 22.6 164.8 — 7760 14.2 7 —

Cynopterus brachyotis [79] 30.7 197.55 — 11,650 13.14 6.7 —

Pelcotus auritus [79] 9 134.69 — 6150 7.18 5.9 —

Rousettus aegyptiacus [79]
118.3 276.42 — 28,300 20.5 5.4 —

118.3 230.5 — 19,950 29.1 5.34 —

Tadarida brasiliensis [79] 11.8 131.04 — 3504 16.5 9.8 —

Chalinolobus gouldii [80] 13.4 173.06 9.04 8940 7.35 6.7 0.49

Chalinolobus morio [80] 7 144.01 10.91 6755 5.08 6.14 0.62

Chalinolobus nigrogriseus [81] 6.5 139.05 11.27 6090 5.24 6.35 0.6

Hipposideros ater [32] 4.4 124.46 10.91 5305 4.07 5.84 0.61

Macroderma gigas [32] 130 379.56 6.96 47,390 13.44 6.08 0.64

Miniopterus schreibersii [32] 10.1 170.42 9.1 8370 5.91 6.94 0.53

Mormopterus planiceps [80] 8.6 131.84 9.34 4795 8.69 7.25 0.34

Nyctophilus arnhemensis [81] 7.1 150.71 11.43 7805 4.46 5.82 0.74

Nyctophilus geoffroyi [32] 5.7 131.73 10.94 6110 4.74 5.68 0.62

Nyctophilus gouldi [82] 10 152.43 10.4 7985 6.14 5.82 0.58

Nyctophilus timoriensis [80] 11 161.01 10.56 8670 6.22 5.98 0.61

[32] 14.2 174.81 11.08 10,135 6.88 6.03 0.66

Pteropus poliocephalus [32] 700 668.83 3.4 129,100 26.59 6.93 0.37

Pteropus scapulatus [32] 412 552.87 4.15 82,500 24.5 7.41 0.37

Rhinonycteris aurantius [32] 8.6 153.94 9.76 7535 5.6 6.29 0.56

Saccolaimus flaviventris [83] 46.2 287.49 8.36 19,725 11.49 8.38 0.54

Scotorepens balstoni [80] 8 133.09 11.31 5650 6.95 6.27 0.5

Scotorepens greyii [81] 7 125.02 11.59 5050 6.8 6.19 0.49

Tadarida australis [80] 35.3 231.28 8.19 12,920 13.4 8.28 0.39

Taphozous georgianus [81] 28.1 233.22 8 14,055 9.81 7.74 0.47

Taphozous hilli [32] 24.1 230.83 7.47 13,680 8.64 7.79 0.46

Vespadelus finlaysoni [83] 5.6 127.5 10.68 5210 5.27 6.24 0.52

Vespadelus regulus [80] 4.7 116.76 10.75 4455 5.17 6.12 0.49

Egyptian fruit bat [84] 104 265 — 23,250 22 6.04 —

Minor epauletted fruit bat [84] 50.36 200 — 14,500 18 5.52 —

Common pipistrelle [84] 5.3 104.5 — 3250 8 6.72 —

Common noctule [84] 26.5 172 — 8050 16 7.35 —

Northern bat [84] 9.9 138.5 — 5750 8.4 6.67 —

Parti-coloured bat [84] 14.12 149 — 6100 11 7.28 —

Brown long-eared bat [84] 9 135 — 6150 7.2 5.93 —

Large-eared free-tailed bat [84] 35.58 224.5 — 10,850 16 9.29 —
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Table 1: Continued.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

Hummingbirds

Blue-throated [85] 8.4 85 23.3 1763 23.5 8.2 0.31

Magnificent [85] 7.4 79 24 1486 24.7 8.4 0.29

Black-chinned [85] 3 47 51.2 622.3 23.5 7.1 0.41

Rufous [85] 3.3 42 51.7 476.8 33.6 7.4 0.3

[86] 3.2 46.1 — 599.2 36.7 7.1 —

[87]

4.24 45 53.25 494 42.11 8.2 0.28

4.24 48 49.1 584 35.61 7.89 0.31

4.1 51 47.3 668.5 30.08 7.78 0.35

4.54 52 42.57 662.5 33.6 8.16 0.29

Anna (male) [88] 4.52 54.5 45.9 714 31.02 8.32 0.34

[89]

5.6 50 — 588.2 — 8.5 —

5 50 — 543.5 — 9.2 —

4.7 59 — 838.8 — 8.3 —

Broad-tailed [87]

4.22 55 41.32 780.5 26.52 7.75 0.35

3.46 54 36.38 736.5 23.05 7.92 0.32

3.66 55 38.71 748 24.01 8.09 0.34

5.16 57 39.25 799.5 31.67 8.13 0.31

3.6 52 39.53 680.5 25.96 7.95 0.31

3.61 56 37.17 817.5 21.66 7.76 0.35

3.93 55 38.1 860.5 22.4 7.03 0.37

4.1 57 37.94 837.5 24.02 7.76 0.35

Ruby-throated (male) [90]

3.58 41 — 460 38.4 7.34 —

3.67 41 — 485 37.3 6.96 —

4.01 40 — 445 44.1 7.17 —

4.16 43 — 455 44.9 8.13 —

Ruby-throated (female) [90]

4.36 49 — 635 33.6 7.55 —

4.36 48 — 640 33.3 7.18 —

4.18 49 — 600 34.2 8 —

Amazilia fimbriata [91] 5.1 58.5 35 850 29.4 8.05 0.29

Aglaiocercus kingi smaragdinus [92] 4.65 61.2 21.7 988.9 23.34 7.58 0.22

Chrysuroniaoerumejosephine [92] 4.6 54.1 32.8 748 30.35 7.82 0.25

Lophomis delattrei [93] 2.79 40.3 50.7 394.8 34.5 8.23 0.27

Phaethornis ruber [93] 2.64 40.7 40 484 27.2 6.83 0.26

Giant hummingbird (male) [93] 22.6 143 13 4508.4 24 9.1 0.27

(female) 19.6 139.7 13.9 4307.8 21.5 8.3 0.3

Birds

Hypoleuca [76]

14.8 117.63 — 5293.43 13.7 5.2 —

14.1 116.31 — 5234.09 13.2 5.3 —

13.7 118.4 — 5327.78 12.6 5.2 —

Atricapilla [76] 16.3 120.58 — 5546.53 14.4 5.2 —

Adean condor [94] 11,700 1490 — 562,500 99.96 7.9 —

Great bustard [94] 8950 1738 — 794,850 54.88 7.6 —

Wandering albatross [94] 8500 1703 — 310,300 134.26 18.7 —

[94] 8877.6 — — 310,000 140 — —

Griffon vulture [94] 7270 1278 — 527,000 67.62 6.2 —

Brown pelican [94] 2650 1058 — 228,450 56.84 9.8 —

Seagull [94] 1915 867.4 — 136,800 68.6 11 —

White-fronted goose [94] 1715 703.5 — 91,650 91.14 10.8 —

American black vulture [94] 1702 705 — 150,600 54.88 6.6 —
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2.2. Wing Loading. Wing loading is an important parameter
on the flight mechanism of flyers, which is defined as the
weight of flyer divided by the total wing surface area and is
expressed as follows:

pw =
mg
A

~V2
t ~ l ~m1/3, 5

where pw is wing loading (N/m2).

Wing loading varies with the size and is proportional to
the third root of the body mass and as a result inclining to
be larger in larger animals and artificial flyers. Also, it has
an equivalent unit of pressure. Therefore, it also presents
the pressure force over the wing and is proportional to the
square of the flight speed, which indicates that flyers with
low wing loadings are able to fly in low speed. Meanwhile,
(5) indicates that flyers with larger weight have larger wing
loading and have to fly fast. Additionally, manoeuvrability

Table 1: Continued.

Species m (g) R (mm) f (Hz) S (mm2) pw N m2 AR k

Pheasant [94] 1660 428.4 — 79,800 101.92 4.6 —

Serpent eagle [94] 1655 909.7 — 206,900 39.2 8 —

Frigate bird [94] 1620 1010 — 162,000 49 12.6 —

Velvet scoter [94] 1578 484.6 — 50,500 152.88 9.3 —

Black-throated loon [94] 1495 599 — 59,800 122.5 12 —

Herring gull [94] 1189 728.5 — 106,150 54.88 10 —

Mallard [94] 1100 446.7 — 46,400 117.6 8.6 —

Red kite [94] 927 807.4 — 144,850 31.36 9 —

Peregrine falcon [94] 712 505 — 57,300 60.76 8.9 —

Carrion crow [94] 470 451.3 — 52,900 43.12 7.7 —

Pigeon [94] 330 316.2 — 31,750 50.96 6.3 —

Jackdaw [94] 253 353.4 — 33,300 37.24 7.5 —

Long-eared owl [94] 247 471.2 — 54,150 22.54 8.2 —

Kestrel [94] 245 367.1 — 35,000 34.3 7.7 —

Montagu’s harrier [94] 237 553.1 — 65,100 17.64 9.4 —

Gray plover [94] 216 327.7 — 20,650 50.96 10.4 —

Magpie[94] 214 297.8 — 32,250 32.34 5.5 —

Little grebe [94] 180 220 — 11,800 74.48 8.2 —

Merlin falcon [94] 173 303.7 — 20,500 41.16 9 —

House sparrow [94] 30 123.1 — 5050 29.4 6 —

Swift [94] 17 210.2 — 5200 16 17 —

House martin [94] 14 147 — 4650 15.68 9.3 —

Pied flycatcher [94] 12 116.5 — 4600 12.74 5.9 —

Citril finch [94] 12 122.4 — 3700 15.68 8.1 —

Stone chat[94] 12 108.4 — 3850 14.7 6.1 —

Wren [94] 10 88.1 — 2250 23.52 6.9 —

Gold crest [94] 4 71 — 1600 11.76 6.3 —

Common tern [35] 117.3 — — 25,000 23 — —

Dove prion [35] 173.5 — — 23,000 37 — —

Black-head gull [35] 234.7 — — 37,500 31 — —

Black skimmer [35] 306.1 — — 44,000 34 — —

Common gull [35] 374.5 — — 57,500 32 — —

Kittiwake [35] 398 — — 50,500 39 — —

Royal tern [35] 479.6 — — 54,000 44 — —

Fulmar [35] 836.7 — — 62,000 66 — —

Herring gull [35] 959.2 — — 90,500 52 — —

Great skua [35] 1377.6 — — 107,000 63 — —

Great black-backed gull [35] 1959.2 — — 136,000 71 — —

Sooty albatross [35] 2857.1 — — 170,000 82 — —

Black-browed albatross [35] 3877.6 — 180,000 106 — —
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depends on wing loading, because it depends on the min-
imum radius of turn which is proportional to the body
mass [37, 38]. In other words, manoeuvrability rises with
wing loading decrease. Therefore, we could see that air-
craft utilized in aerobatics has small wide wings with low
wing loading.

2.3. Aspect Ratio. Aspect ratio is a parameter of the wing
performance of flyers and a measure of the wing shape (wing
slenderness along the spanwise). It is defined as the square of
the wingspan over the wing pair surface, which is presented
as follows:

AR =
2R 2

2S
=
2R2

S
~
l2

l2
~m0 6

It can be rewritten as

AR =
2R2

S
≈

2R2

mg/2pw
≈

4R2

mg
pw 7

From (6), it is observed that the aspect ratio does not vary
with body mass, a dimensionless number. In (7), it presents
that the aspect ratio can indicate the flight characteristics of
flapping animals. The aspect ratio in hummingbirds is almost
independent on size, whereas for other species the aspect
ratio increases slightly with size. Details are available in [39].

In general, flyers with small aspect ratio have high agility
as well as maneuverability, whereas a high aspect ratio wing
contributes to a low induced drag, which facilitates a gliding
and slow flapping flight. The induced drag caused by the lift
tends to decrease with increasing aspect ratio. That is,
induced drag is generally regarded to be inversely propor-
tional to the aspect ratio. Therefore, the longer wing it is,
the smaller induced drag is obtained. Impliedly, the glide
ratio (the lift-to-drag ratio) rises with aspect ratio increase
[39]. For instance, the aspect ratio of hummingbirds
(approximately 6.5~9.5) is less than that of albatross (around
15), so albatrosses fly in gliding mode mostly, while hum-
mingbirds are capable of hovering. Besides, increasing the
aspect ratio will enhance the lift coefficient when the angle
of attack is constant. Therefore, aerodynamic performance
can be enhanced by increasing the aspect ratio. The higher
the aspect ratio is, the longer and thinner the wing is. How-
ever, long wings are not always beneficial. It not only induces
drag due to wingtip vortices but also is more vulnerable to
break the wing. At the same time, the long wing might be
negative to ground take-off.

Therefore, the different combinations of wing loading
and aspect ratio allow a natural flyer to adopt particular flight
pattern and foraging strategies [40]; see Figure 1. For
instance, species of high wing loading and high aspect ratio,
particular for short wing, usually fly fast and considerable
inexpensive. Therefore, commuting and migrating species
are usually adapted to such flight mode like swans, geese,
and loons [41]. By contrast, flyers with low wing loading
and low aspect ratio usually have a broad slotted wingtip
since such kind of wingtip can act to delay stall and decline

induced drag, avoiding too large wingtip vortices and rises
to lift [42]. Otherwise, a smaller aspect ratio leads to high
induced drag. Then, flying species with a high wing loading
and low aspect ratio require very high energy cost such as gal-
linaceous, so they spend more time on the ground. Such
kinds of animals have almost lost their flight capability such
as penguins [43] (Penguin’s wings might evolve into fins
for swimming so as to adapt environmental conditions.)
However, flyers that have low wing loading (large wing area)
and high aspect ratio, particularly for flyers with small weight
and long wing, fly slowly and inexpensively such as swallows
and swifts. Certain natural flyers like bees, hummingbirds,
and certain bats fly at unsteady flow environment and have
a medium aspect ratio and wing loading. They are adapted
to flight in hovering and foraging fly continuously in open
spaces. Figure 1 (left) shows the aspect ratio plotted against
wing loading for various natural flyers. From Figure 1 (right),
we found that the butterfly has lower wing loading and aspect
ratio than that of other species. In modern natural flyers, the
aspect ratio ranges from 1.15 in some butterfly (Pieris rapae)
to 18 (or higher) in wandering albatross. Besides, certain
modern flyers have a similar combination of aspect ratio
and wing loading, similarly to natural flyers. For instance,
the space shuttle has a similar aspect ratio of butterflies with
low wing loading. Boeings have a similar aspect ratio as
hummingbirds.

Since wing loading and aspect ratio are widely applied
to quantify the size and shape in aircraft engineering and
studies of animal flight, here, the pw −AR ratio is proposed
as the ratio of wing loading to aspect ratio, and it is
assumed A ≈ 2S in N m2

pw −AR ratio,
pw
AR

=
mg/A
2R2/S

≈
mg
2S

∙
S

2R2 =
mg

4R2 ,
8

It is observed that the pw −AR ratio has the same phys-
ical unit of wing loading, so the pw −AR ratio may have the
same physical meaning of wing loading. The pw −AR ratio
presents the combination of wing loading and aspect ratio
to evaluate the wing performances, which may be an evalu-
ated performance index. Therefore, it may also be applied
to assess the wing performances.

2.4. Flapping Wing Lift Production. To roughly estimate the
effect of wing geometry parameters on the average lift force,
a classical steady flow theory is employed when using cycle
averaged quantities. The average lift force can be approxi-
mately presented as

FL =
1
2
ρCL 2S U2

CP = ρCLSU
2
CP 9

It can be rewritten as

FL
S

= ρCLU
2
CP 10
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Therefore,

UCP ~
FL
S

1/2

~ l 1/2 ~ m 1/6, 11

where UCP is the average velocity at pressure centre, which

can be expressed as UCP = FL/S /ρC2
L and CL is the aver-

age lift coefficient which depends on wing geometry and
attack angle variation over one wingbeat under the assump-
tion of quasi-steady [44].

Assuming a flat and rigid wingwith lengthR, the spanwise
location of the pressure centre is given by the nondimensional
radius of the second moments of wing areas r2 S , which
ranges between 0.5 and 0.6 in most insects [45]. For the
homogeneous pressure distribution on the whole wing, the
second moment of the wing area coincides with the centre
of pressure. Moreover, Lua et al. proved that the velocity at
the secondmoment of the wing area can be selected as the ref-
erence velocity for flapping wings [46]. For simplicity, we
assume RCP = R/2. Then, the average velocity at the pressure
centre can be presented as

UCP = 2ϕf RCP = ϕf R, 12

f =
UCP
ϕR

~
l 1/2

l
= l −1/2 ~ m −1/6, 13

where f is a wing flapping frequency (Hz) and ϕ is the
flapping amplitude angle (deg).

Based on a combination of (6), (9), and (12), the
cycle mean lift force of a pair of flapping wings can be
reorganized as

FL =
1
2
ρCLAR Sϕf 2 14

In (14), the average lift force is altered approximately
linearly with CL and AR, but quadratically with the wing
surface, flapping amplitude, and flapping frequency.

From the lift coefficient perspective, (14) can be
rewritten as

CL =
2FL

ρAR Sϕf 2 15

2.5. Wing Lumped Parameter. Equation (14) indicates the
relation of average lift force with the four variables such
as AR, wing surface, flapping amplitude, and flapping
frequency. This equation can be used to assess and guide
wing design [20] but is unable to estimate the relation
of wingbeat frequency with the four parameters (AR,
wing surface, body mass, and flapping amplitude angle)
because they are independent. Therefore, studying the
relation between flapping frequency and body morphol-
ogy (i.e., total wing surface and body mass) is indispens-
able. Corben [31] exhibited the relationship between
flapping frequency and total wing surface A and body
weight based on the nondimensional analysis, which is
expressed as
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Figure 1: Aspect ratio vs. wing loading in natural flyers (left), and average value with standard deviation (SD) of wing loading and aspect ratio
(right).
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f =
k
A

mg
ρ

=
k
A

g
ρ

1/2
m = 2 86

k
A

m, 16

where the dimension of 2.86 is m4/s2kg.
Therefore, the wing lumped parameter k can be

expressed as

k =
f A

2 86 m
~
m−1/6m2/3

m−1/2 =m0 17

Combination of (15) and (16) and the assumption of FL
=mg in relation to the wing lumped parameter with mean
lift coefficient and AR can be presented as

k =
2 2

CL∅ AR
=

2 s

CL∅R
18

The lumped parameter is also a dimensionless number.
From (17), it is clearly seen that it does not vary with the body
mass. As is shown in (18), the lumped parameter is inversely
proportional to the average lift coefficient, which indicates
that the larger the lumped parameter is, the less lift is pro-
duced at a constant angle attack. Additionally, the larger
the lumped parameter is, the shorter and rounded the wing
is. This is because the lumped parameter is also inversely pro-
portional to the aspect ratio. Therefore, the lumped parame-
ter may also be interpreted as a measure of aerodynamic
efficiency, and the lumped parameter k may be used to
supervise wing design.

The power functions of wing parameters and mass are
summarized in Table 2 based on geometric similarity. We
can see that the aspect ratio (AR) and the lump parameter
(k) are independent on the mass, and the flapping frequency
and wing loading are proportional to m1/6 and m1/3, respec-
tively. Table 2 only shows the mathematical correlation while
having no physical meaning.

3. Scaling Law, Results, and Discussion

In this section, the scaling laws induced from the regression
analysis of species (insects, bats, hummingbirds, and other
birds) are established through statistical analysis. The rela-
tion between weight and parameters of aerodynamic perfor-
mance can be determined so that the relationship of different
parameters, such as wing surface, wing length, flapping fre-
quency, AR, lumped parameter, wing loading, and body
mass, with aerodynamic performance can be predicted to
MAV design. In other words, this concept provides rules to
design and compare flying objects of different sizes and
weight in different orders of magnitudes.

Many scholars conducted some similar studies, but no
comprehensive and relevant works were done. Greenewalt
[47] presented the earliest correlations linked with wingspan,
wing surface, and mass among different bird species; how-
ever, the wing loadings were not provided. Likewise, a similar
correlation on wingspan against mass and flapping frequency
against mass was studied by Norberg [48]. Pennycuick
[49] showed the database by fitting the date for different

species of birds and bats and then studied the correlation
among flapping frequency, body mass, and wing area. How-
ever, no comprehensive studies were conducted especially
for the aspect ratio and lumped parameter. Therefore, this
section examines the flow regime effects on body mass,
flapping frequency, wing surface, wing loading, AR, and
lumped parameter.

3.1. Wing Surface, Flapping Frequency, and Wing Length.
The initial study objective is to assess the effect of wing sur-
face, flapping frequency, and wing length. Wing geometries
are varied during flapping. That is, the projected wing area
and length are changed when flapping [36], which directly
impacts on the lift or drag. To keep balance, the airfoil shape
and posture of the body are also varied. To find the relation
of wing surface and flapping frequency as a function of body
mass and wing length, various species and data are surveyed.
A summarized plot of the relation among wing surface,
mass, and wing length is firstly presented in Figure 2. The
optimal fitting of the wing surface is also provided in red
color. From the figure, it is clearly seen that the data are
highly intensive with an excellent general trend. In other
words, the wing surface is proportional to both mass and
wing length in a log–log domain. In Figure 2, the mass of
flyers ranges from 0.7mg to 3.8 kg. The rudimentary analysis
shows that natural flyers in general track follow the rules.
The relation between wing single surface and the mass of
natural flyers can be expressed as follows:

S = 430 29m0 77 19

The relation between single wing surface and wing length
is shown in Figure 2 (right); the equation can be written as

S = 0 81R1 81 20

Figure 3 shows the flapping frequency related to body
mass and wing length, respectively. Figure 3 (left) reveals
the relation betweenflapping frequency andmass. The general
trend is presented with an inverse proportion in the log–log
domain, which can be roughly expressed as

f = 40 63m−0 29 21

The relation between flapping frequency and wing length
is shown in Figure 3 (right), and the fitted equation can be
still roughly written as

f = 740 31R−0 82 22

As shown in Figure 3, high frequency is an option of
insects or small birds such as hummingbirds, but not of
larger birds, because their bones cannot bear the stress caused
by a heavier inertial load. Smaller birds, bats, and insects are
likely to choose higher frequency because of the decreased
inertial loading within the limited breaking stress of their
hollow bones. Also, the data in Figure 3 is slightly scattered;
this might result from their distinct flight pattern of different
species. From (19) to (22), we can see that the wing surface
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Table 2: Power function of wing parameters against body mass. The exponent of correlations is for (mass)exponent.

Wing parameters R c S pw AR k UCP f

Dimensions (mm) (mm) (mm2) (N/m2) — — (m/s) Hz

Exponent of correlation m1 3 m1/3 m2/3 m1/3 m0 m0 m1/6 m1/6
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increases with their body mass and the wing length increases,
while the flapping frequency decreases with their body mass
and the wing length increases.

The relationship between wing length and body mass is
shown in Figure 4. In this figure, it is observed that the data
of natural flyers are intensive and track the following rule
and the wing length is positively proportional to the body
mass. The equation of the dashed line of all species is

R = 43 31m0 39 23

According to the preceding equation, the relationship
among wing area, wing length, flapping frequency, and body
mass are clearly and easily observed, although data in
Figure 3 are not much intensive. Therefore, the conclusion
from the above observations indicates that the general laws
related to wing surface, wing length, flapping frequency,
and body mass exist and can be applied to guide the wing
design of flapping wing MAVs.

3.2. Wing Loading, Aspect Ratio, and Lumped Parameter.
Wing loading is an important parameter when studying flight
mechanisms in flyer science. Wing loading analyzes the
opposing action of two category forces, such as gravitational
and inertial forces, and the aerodynamic forces to generate lift
and thrust. Wing loading pw mainly represents the wing flap-
ping effect of a flyer. The relation of wing loading with body
mass and wing length is shown in Figure 5. Generally, the
wing loading rises with the mass increase, which is the
response to (5). This is really the case for certain species such
as bat (pw ~m0 29), whereas other species may not follow this
rule such as hummingbirds (pw ~m−0 16). A similar result was
also presented in [43]. The data in Figure 5 are moderately
scattered, which might be related with the aerodynamic and
structural factors. For instance, birds use pectoral muscles
to perform downstroke motions and supracoracoideus mus-
cles for upstroke motions [50], whereas insects or bats have
different movements. Besides, it is clearly seen that the wing
loading in butterfly is smaller than that of other species, which
may be linked that they have a relatively larger wing surface.
The data from other species are also mildly intensive (except
butterfly). The slope of the interpolating straight line can be
obtained, showing an acceptable performance. The equation
of the straight line is

pw = 10 85m0 25 24

The relation between wing loading and wing length is pre-
sented in Figure 5 (right), and the corresponding equation
can be expressed as

pw = 1 52R0 55 25

From (24) and (25), we also know that the wing loading
rises with increasing their body mass and wing length.

Aspect ratio AR and the lumped parameter k are also
essential parameters that are directly related to thewing shape,
such as the wing length, and wing surface thereby affecting
the aerodynamic performance. Aerodynamic performance

can be enhanced by making the wings longer and thinner.
This is the reason why high performances of gliders have a
nearly 20 aspect ratio, whereas aircrafts applied in aerobatics
possess short broad wing for high manoeuvrability.

As previously mentioned, the aspect ratio is indepen-
dent of size in geometric similarity analysis. However, the
ratio for other species excluding hummingbirds rises
slightly in size. Similarly, the lumped value is also constant
based on (17). In this study, the average value of various
species is considered and studied. From (18), it can be
observed that the aspect ratio and lumped parameter are
in inverse proportion, which indicates that the species with
high aspect ratio have a lower lumped parameter. The rela-
tionship of AR and lumped parameter k with body mass
and wing length are plotted in Figures 6–8. Figure 6 (left)
shows AR against mass, whereas Figure 6 (right) indicates
the relation of AR and wing length for various natural
flyers. From Figure 6, it is found that the data of species
except for butterfly is intensive and consistent around the
average value. Nevertheless, both figures evidently show an
obtained average aspect ratio which is approximately 7.16
for all species presented in this paper, except for butterflies.
The performance of butterflies may be caused by unique
wing structure, relative large wing surface, and flapping
wing motion.

In Figure 7 (left), the relation of k andmass is shown, and
in Figure 7 (right), the relation between k and wing length is
also exhibited. All data is well distributed and close to the
average value of 0.48, which indicates that lumped parameter
k may constantly be free from the mass and wing length for
natural flyers. Therefore, according to the lumped parameter
k and (13) and (15), the relation of flapping frequency, wing
total surface, and mass can be established. Furthermore, the
relationship of wing single surface, lift coefficient, flapping
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Figure 4: Relation of wing length vs. mass.
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amplitude, aspect ratio, and wing length can be roughly
obtained as well.

In this section, a comprehensive study is performed
regarding the aspects of wing length, wing surface, body
mass, and flapping frequency, specifically for the aspect ratio
and lumped parameter k of natural flyers, which is summa-
rized in Table 3 for each species. The aspect ratio and lumped
parameter for each species are presented in mean value with
standard deviation. The data is of 0.01 precision. New

findings are valuable and useful. The average aspect ratio in
the natural flyer excluding butterflies is nearly 7.16, and the
average lumped parameter in the natural flyers is approxi-
mately 0.48. The aspect ratio and lumped parameter corre-
sponding to the species are presented in Figure 8. It is
found that the butterfly has a low aspect ratio and high
lumped value k. In short, the summarized relation presented
in Table 3 provides a reference when designing flapping wing
MAVs inspired by natural flyers.
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Figure 5: The relation of wing loading vs. mass (left), and wing loading vs. wing length (right).
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Due to the less survey numbers, the power functions of
flapping frequency and lump parameter against body mass
for bird are not given. Also, the butterfly has a lower aspect
ratio and higher lumped value compared with other species,
which is opposite to that of hummingbirds. Interestingly,
the power function of wing loading for hummingbirds is

entirely different from other species. Also, Table 3 only shows
the mathematical relation while having no physical meaning.

3.3. Wing Design and Manufacture for Flapping Wing MAVs.
Based on the study above, the relations among different
parameters are presented and summarized in Table 3. In this
section, the existing flapping wing MAVs are added for com-
parison. The morphological parameters of flapping wing
MAVs are shown in Table 4. Here, the relation of wing sur-
face and wing length against mass as well as lumped param-
eter against aspect ratio including flapping wing MAVs are
separately discussed and studied as examples.

According to the relation between single wing surface,
wing length, and the mass of natural flyers, it is observed
that the size of MAVs obeys such rule; see in Figure 9. Cur-
rently, the existing flapping wing MAVs are nearly in the
range of corresponding species, in which the size of KUBee-
tle is close to the size of giant hummingbird, whereas the size
of Maryland-Hummingbird, DelFly-II, and TL-FlowerFly
are in the scope of Bat. They are highlighted in black with
dots. Figure 10 reveals the relation lumped parameter and
aspect ratio in all flyers including natural and manufactured
flyers. From Figure 10, we can observe that the lumped value
k of Bee and Hummingbird is lower than the average value
of natural species, which is marked in blue and pink
shadows. The lumped value of DelFly-II is above the average
value, and then that of Harvard-RoboBee and Maryland-
Hummingbird is almost equal the mean value of k, whereas
others are all less than the mean value of k. It indicates that
the wing efficiency of DelFly-II might be not perfect, but
acceptable, which can be evidenced as well in Figure 11. In
Figure 11 (left), it is clearly seen that the wing loading of
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Table 3: Power functions of wing dimensions and flight parameters vs. body mass.

R (mm) f (Hz) S (mm2) pw (N/m2) AR k

All species 43.31m0.39 40.63m−0.29 430.29m0.77 10.85m0.25 7.16± 1.47 0.48± 0.13
Brachycera (fly) 27.16m0.27 140.83m−0.054 93.06m0.39 54.68m0.62 8.48± 2.81(a) 0.45± 0.10
Coleoptera (beetle) 71.10m0.43 14.12m−0.48 459.17m0.61 3.31m0.037 8.31± 1.62 0.44± 0.12
Nematocera (mosquito) 17.38m0.14(b) 99.02m−0.30 97.90m0.39 33.72m0.41 7.35± 1.90(c) 0.39± 0.04
Bee 19.41m0.14 48.46m−0.13 230.68m0.33 10.40m0.75 4.4± 1.94 0.37± 0.12(d)

Odonata (dragonfly) 57.13m0.36 40.93m0.036 964.24m0.71 3.56m0.23 7.79± 4.52 0.70± 0.29
Butterfly 74.39m0.53 19.16m−0.090 3825.99m0.83 1.60m0.095 2.23± 0.87 0.64± 0.14
Hawkmoth 42.32m0.42 29.34m−0.20 56.94m5.71 7.07m0.20 5.19± 0.91 0.47± 0.09(e)

Bats 60.16m0.36 15.59m−0.19 862.71m0.76 4.55m0.29 6.65± 0.97 0.53± 0.10
Hummingbird 21.07m0.62 88.25m−0.57 133.42m1.15 38.27m−0.16 7.86± 0.56 0.31± 0.04
Bird 36.98m0.41 — 349.11m0.80 9.71m0.27 8.41± 2.98 —

The accuracy of average value of (a), (c), (d), (e), and formula (b) will be low due to the less survey numbers. The data in AR and k are displayed asmean ± SD.

Table 4: Parameters of existing flapping wing MAVs.

Species m (g) R (mm) f (Hz) S (mm2) pw (N/m2) AR ∅ (deg) k

ASL-Colibri [10] 22 90 22 1816 52.43 8.9 180 0.21

Nano hummingbird [8] 17.5 68 27.5 1768 49.5 5.2 180 0.26

Maryland hummingbird [9] 62.1 140 20 9232 33.4 4.2 120 0.52

KUBeetle [3] 21.4 70 25–35 1750 50.7 5.6 190 0.3

Harvard-RoboBee [2] 0.08 15 120 52 15.1 8.7 110 0.49

DelFly II [4] 17 140 13 11,195 3.72 3.5 44 0.78

TL-FlowerFly [5] 16.6 100 10 6100 6.67 3.3 90 0.33

Fly
Mosquito
Bee

Bird

Beetle
Dragonfly
Butterfly
Hawkmoths
Bats
Hummingbird

ASL-Colibri
Nano-Hummingbird
Maryland-hummingbird
KUBeetle
Harvard-Robobee
DelFly II
TL-FlowerFly
Fitted line

10−4 10−3 10−2 10−1 100 101 102 103 104 105 106

Mass (g)

W
in

g 
su

rfa
ce

 (m
m

2 )

10−3

10−2

10−1

100

101

102

103

104

105

106

107

Fly
Mosquito
Bee

Bird

Beetle
Dragonfly
Butterfly
Hawkmoths
Bats
Hummingbird

ASL-Colibri
Nano-Hummingbird
Maryland-hummingbird
KUBeetle
Harvard-Robobee
DelFly II
TL-FlowerFly
Fitted line

10−4 10−3 10−2 10−1 100 101 102 103 104 105

Mass (g)

W
in

g 
le

ng
th

 (m
m

)

10−3

10−2

10−1

100

101

102

103

104

Figure 9: Relation wing surface, wing length vs. mass including the MAVs.
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ASL-Colibri, KUBeetle, and Nano Hummingbird are similar
and larger than others, which means more lift can be pro-
duced per square meter. By contrast, the wing loading of
Harvard-RoboBee is lower in the twin-wing flapping wing
MAVs; thus, it means that it might cost more energy per
unit force. Also, in X-wing flapping wing MAVs, the wing
performance of TL-FlowerFly seems better than that of
DelFly-II. In Figure 11 (right), the pw −AR ratio in
Harvard-RoboBee is less than others, which reveals that it
may not have an excellent wing performance. Also, it might
be associated with the flexibility of the wing. Regarding
Maryland-Hummingbird, the good performance is exhib-
ited, although its wing loading is small.

The lift generation is linked not only to the wing perfor-
mance, such as wing surface, frequency, and wing length, but
also to other properties, such as wing materials, the position
of a stiffener, flexural stiffness, and wingtip shape. For
instance, a rounded wing for a given span generates an ellip-
tic transverse lift distribution, which contributes to a mini-
mum induced drag and a constant lift coefficient along the
wingspan. And the tapered aft-swept tips produce less drag
for a given lift and extract more energy from the vertical wake
[51]. According to the study of Shyy et al. [52], overly flexible
wings will result in inefficient aerodynamic performance. The
lift is also affected by the wing fabrication process. Currently,
many category wing shapes are designed using different
materials, such as Nylon, Latex, PVC film, and Mylar. At
hummingbird scale, many wings, such as those of Nano
hummingbird [53] and ASL-Colibri [20], are made using
the traditional simple method of cut-and-edge because it is
simple and easily repeatable. In Nan et al.’s study [20], wings

of ASL-Colibri are made of Mylar membrane (15 μm) and
CFRP stiffeners (width = 1mm; thickness = 0 12mm) and
are thus subjected to deformation when flapping. The princi-
pal steps of wing production shown in Figure 12 are similar
to that of Nano hummingbird [53]. According to the flight
demonstration of ASL-Colibri shown in Figure 13, the
designed wing based on scale law in this paper is reasonable,
and the lift test results are precise and repeatable (see details
in [20]), thereby enabling a 17.2 g ASL-Colibri vehicle to fly.

At insect scale, the microelectromechanical systems
(MEMS) are employed to construct wing design because
these systems improve the quality of accuracy and repeatabil-
ity, for example, in the case of the Harvard-RoboBee [54] and
the KUBeetle [55]. Impliedly, to reduce the vehicle size, the
miniaturization should be overcome since the traditional
method does not offer adequate precision and repeatability
[56]. Some wings are manufactured by CNC machines, such
as DelFly II [4] and wings designed by Chang et al. [57].
Additional details of wing designs based on different mate-
rials and methods are summarized in Table 5.

4. Conclusions and Future Works

In this paper, the geometric similarity is first studied. The
pw −AR ratio is then defined to estimate wing performance
and aerodynamic performance. After that, the comprehen-
sive scale laws are studied and achieved for natural flyers.
Besides, the lumped parameter is first comprehensively stud-
ied. It is observed that the relationship between the aspect
ratio and the lumped parameter is inversely proportion and
the lumped parameter is independent to the body mass
through geometric similarity analysis. Via statistical study
among natural flyers, the lumped parameters are nearly con-
stant from the body mass. The power functions of wing
dimensions and flight parameters against the body mass are
also summarized. These functions might vary on the number
of natural flyers surveyed, but the achieved relationships
indicate the universal tendencies, and it is verified that the
performance of artificial wings in flapping wingMAVs follow
these scaled rules. Therefore, the obtained scale laws are
acceptable. Last, the wing manufacture of ASL-Colibri is
interoperated as an example, and take-off demonstration of
ASL-Colibri is also performed, which indicates that the
designed wings based on the obtained scale law in this paper
are acceptable. Moreover, artificial wings, including fabrica-
tion materials and methods, are summarized. Summarily,
the current study will provide a useful dataset as a reference
for future research. These results provide a simple but pow-
erful guideline for biologists and engineers who are studying
the morphology of natural flyers and designing flapping
wing MAVs.

In our future work, we will focus on (1) the optimal
design and advanced simulation on the flapping wing MAV
via computational intelligence-assisted design (CIAD) [58]
and (2) improvement of the MAV design by developing
reliability indices for capturing the time-varying and
nonlinear dynamical performance during experimental
studies; (3) furthermore, we will look at the intelligent
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control for the autonomous MAV using artificial intelligence
algorithms via CIAD.

Nomenclature

A: Total surface, m2

AR: Aspect ratio
c: Mean wing chord, mm

CL: Lift coefficient
CL: Mean lift coefficient
f : Wingbeat frequency, Hz
FL: Mean lift force, N
g: Gravitational acceleration, m/s2

k: Wing lumped parameter
l: Characteristic length, m
m: Flyer mass, g

(a)

t = 0 s 3 s2 s1 s

(b)

Figure 13: Take-off demonstration with sail-like damper for passive stability: photo of the prototype vehicle used in the test (a) and take-off
sequence (b). The full video recording is available online: https://youtu.be/oaFR815dtIo [20].

Table 5: Artificial wings, including fabrication materials and methods.

Authors Model
Wing

model (cm)
Fabrication
method

Materials
Veins Membrane

Bontemps et al. [95] — MEMS-based SU-8 Parylene

Roll et al. [96] — Cut-and-glue Carbon fiber Mylar

Watman and
Furukawa [97]

— — Carbon pultrusions Mylar

Sahai et al. [98] — SCM
Titanium alloy with carbon

fiber reinforcement
Ultra polyester film

Kim et al. [99] — Cut-and-glue Graphite/epoxy composite Flexible PVC

Campolo [100] Dipteran
Chemical vapor

deposition and molding
Carbon fiber Cellulose acetate film

Wood [101] Dipteran SCM Carbon fiber Mylar

Nguyen et al. [102] Insects
Cut-and-glue with

paper mold
Carbon rods Mylar

Lentink et al. [103] Dragonfly
Cut-and-glue with

paper mold
Carbon rods Mylar

Meng et al. [104] Hoverfly Syrphidae MEMS-based SU-8 Polyimide

Tanaka and wood [105] Hovering Eristalis Micro molding Thermosetting resin —

Ma et al. [106] Hovering Eristalis SCM Carbon fiber Mylar

Pornisin-Siriak et al. [107] Bat MEMS-based
Titanium alloy with carbon

fiber reinforcement
Parylene

Ho et al. [50] Cicada MEMS-based
Titanium alloy with carbon

fiber reinforcement
Parylene

Keennon et al. [8] Hummingbird — Carbon fiber —

Tanaka et al. [108] Hummingbird — Carbon fiber-reinforced plastic Parylene

Coleman et al. [9] Hummingbird Mold-glue Carbon fiber
1/32 foam
membrane

Nan et al. [20] Hummingbird Cut-and-glue Carbon fiber Mylar
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pw: Wing loading, N/m2

pw −AR ratio: The ratio of wing loading to aspect ratio
R: Single wing length, mm
S: Single wing surface, mm2

UCP: Average velocity at pressure centre, m/s
V : Volume, m3

Vt : Forward flight velocity, m/s
W: Weight, N
ρ: Air density, kg/m3

ϕ: Flapping amplitude angle, deg.
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