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   Abstract—Flapping-wing flight, as the distinctive flight method
retained  by  natural  flying  creatures,  contains  profound  aerody-
namic  principles  and  brings  great  inspirations  and  encourage-
ments to drone developers. Though some ingenious flapping-wing
robots have been designed during the past two decades, develop-
ment and application of autonomous flapping-wing robots are less
successful  and still  require further research. Here,  we report the
development  of  a  servo-driven  bird-like  flapping-wing  robot
named  USTBird-I  and  its  application  in  autonomous  airdrop.
Inspired  by  birds,  a  camber  structure  and  a  dihedral  angle
adjustment mechanism are introduced into the airfoil design and
motion  control  of  the  wings,  respectively.  Computational  fluid
dynamics simulations and actual flight tests show that this bionic
design  can  significantly  improve  the  gliding  performance  of  the
robot, which is beneficial to the execution of the airdrop mission.
Finally,  a  vision-based  airdrop  experiment  has  been  successfully
implemented on USTBird-I, which is the first demonstration of a
bird-like flapping-wing robot conducting an outdoor airdrop mis-
sion.
    Index Terms—Autonomous  airdrop,  bionic  design,  bio-inspired
robot, cambered wing, flapping wing.
  

I.  Introduction

A IRDROP, as an efficient and convenient means of trans-
portation, has been widely applied in supplies delivery to

some otherwise inaccessible or  hard to accessible areas since
first  developed  during  World  War  II.  Over  the  past  decades,
the  advent  and  development  of  unmanned  aerial  vehicles
(UAVs),  mainly  the  rotorcraft,  further  broaden  the  applica-

tions  of  airdrop  because  of  their  dexterity  in  confined  work
spaces  and  close  proximity  to  people  [1].  Some  applications
such  as  UAV  express  are  gradually  commercialized.  How-
ever,  the  high  energy  consumption,  annoying  noise  genera-
tion  and  safety  risk  of  rotorcraft  hinder  their  applications  in
some  special  scenarios.  Typical  examples  include  covert
delivery of micro relay communication equipment and close-
range  air  raid  with  small  munitions,  both  of  which  impose
higher  requirements  on  the  noise  and  camouflage  of  the
UAVs. Among the various UAVs, flapping-wing robots have
emerged  as  interesting  candidates  for  airdrop  missions
because  of  their  tremendous  potential  characteristics  of  effi-
ciency,  miniaturization,  concealment,  safety,  maneuverability
and low noise [2]−[4].

The  objective  of  our  work  is  to  design  a  biomimetic  flap-
ping-wing  robot  with  a  controllable  delivery  device  and
implement the autonomous control of an airdrop mission. Fig. 1
shows  an  exemplary  scenario  of  the  autonomous  airdrop  of
small  munitions  through  a  flapping-wing  robot.  In  this  mis-
sion, a first person view (FPV) camera is mounted beneath the
flapping-wing robot to capture and transmit the aerial video to
the  ground  control  station  (GCS).  The  intentions  of  the
returned  video  are  twofold.  First,  with  the  help  of  the  FPV
camera,  the flapping-wing robot loaded with small  munitions
is remotely controlled by an operator to loiter above the target
area.  Second,  by  processing  of  the  video  with  visual  algo-
rithm, the pixel position of the target area is found and recog-
nized.  Combing  with  the  onboard  navigation  system,  the
impact points of the small munitions are predicted and used to
determine whether to release them or not.

The first challenge is to design a bionic flapping-wing robot
that  has  sufficient  load  capacity  and  can  fly  freely  outdoors.
Development  of  flapping-wing  robots  is  of  great  difficulty
because  of  the  fluid-mechanics-modelling  and  control  chal-
lenge [5]−[18]. In recent years, an increasing number of flap-
ping-wing robots have been developed, which can be roughly
divided  into  three  categories:  bat-like  flapping-wing  robots
[19], insect-like flapping-wing robots [20], and bird-like flap-
ping-wing  robots.  Bat  Bot  [19]  mimics  the  morphological
properties of bat flight by ingenious design and control of the
wings.  Robobee  [21]−[24]  is  a  bee-inspired  flapping-wing
robot known for its outstanding miniaturized design, but it can
only  take  off  in  a  specific  laboratory  environment  due  to  the
power supply problem. DelFly Nimble [25]−[27] is a 33-gram
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insect-like flapping-wing robot with superior maneuverability.
KuBeetle-S  [28],  [29]  is  a  beetle-mimicking,  tailless,  hover-
capable  robot.  In  general,  the  bat-like  flapping-wing  robots
and  the  insect-like  flapping-wing  robots  perform  well  in
maneuverability,  but  the  low  payload  available  and  the  sus-
ceptibility to airflow inhabit their outdoor applications. Some
bird-like  flapping-wing  robots  designed  with  big  size  and
large load capacity are good at and more suitable for outdoor
flight. SmartBird [30] is a bird-like flapping-wing robot with a
weight of 450 g and a wingspan of 2 m. SmartBird performs
well in mimicking the herring gull’s flight by using an active
articulated  torsion  drive,  but  few  autonomous  flights  have
been realized on this robot. Dove is a 220-gram bird-like flap-
ping-wing  robot  that  realizes  waypoints  tracking  flight
through  a  customized  flight  control  system  [31].  E-Flap  is  a
bird-like flapping-wing robot with a good performance in load
capacity  [32].  However,  SmartBird,  Dove  and  E-Flap  use  a
single  motor  to  flap both wings,  which couples  and synchro-
nizes  motions  of  the  wings  and  only  provides  variable  rate
flapping  at  constant  amplitude.  The  flapping-wing  robot
named  Robo  Raven  [33]  creatively  uses  two  servos  to  inde-
pendently  actuate  and  control  the  two  wings,  which  greatly
improves the maneuverability of the bird-like robot. However,
Robo  Raven  uses  tail  actuators  to  produce  control  force,
which  imposes  constraints  on  the  control  board  and  the  pay-
load because of the addition of tail actuators. In this paper, an
all  servo-driven  flapping-wing  robot  named  USTBird-I  is
developed  with  a  weight  of  151.7  g  and  a  wingspan  of  120
cm.  Due  to  the  independently  driving  method,  steering  of
USTBird-I  can  be  controlled  through  the  differential  motion
of the left  and right wings without relying on the tail  rudder.
Test  results  show that  USTBird-I  can  stay  airborne  for  more
than 10 minutes  loaded with necessary electronic  devices  for
the  airdrop  experiment,  such  as  GPS,  FPV,  transmitter,  con-
trol board, etc.

Another  critical  issue in  the  airdrop mission is  the  acquisi-
tion of stable aerial videos, which is related to the accuracy of
the  airdrop.  Unlike  the  relatively  stable  flight  attitudes  of
fixed-wing  and  rotary-wing  aircraft,  obvious  vibration  of  the
fuselage  and  rapid  change  of  the  attitudes  occur  to  the  flap-
ping-wing  robots  during  flapping  flight,  resulting  in  shaky
aerial videos [34]−[37]. Conventional video shake-proof tech-
niques,  such  as  the  Pan/Tilt/Zoom  design,  impose  additional
burdens  on  the  load  of  the  flapping-wing  robot  [38],  [39].

Gliding  flight  is  a  superb  skill  possessed  by  birds,  during
which the avian wings are spread and the posture is relatively
stable. Motivated by this, USTBird-I is set to execute the air-
drop mission during gliding flight. Therefore, how to improve
the  gliding  performance  of  the  USTBird-I  has  become  our
focus.  Birds  that  are  proficient  in  gliding flight  such as  alba-
trosses and eagles share a common feature of cambered wings,
which is proved an effective aerofoil to raise the propulsion in
flapping  flight  [31],  [40].  However,  how  the  camber  affects
the  gliding  flight  of  flapping-wing  robots  remains  to  be
revealed.  Besides,  it  has  been  observed  that  avian  wings  rise
to accommodate changes in airflow during gliding flight [41].
Therefore,  another  factor  that  may  affect  the  gliding  perfor-
mance is the rising angle of the wings. In this paper, the glid-
ing  aerodynamic  characteristics  under  different  wing  camber
and rising angles are compared and optimized based on com-
putational  fluid  dynamics  (CFD)  simulations.  Actual  flight
tests  verify  that  our  design  can  effectively  improve  the  glid-
ing performance and obtain more stable aerial videos.

Finally,  a  delivery  device  is  designed  for  the  airdrop  mis-
sion and a vision-based delivery control strategy is proposed.
Based  on  the  onboard  monocular  camera  and  the  designed
delivery  device,  a  steel  ball  loaded  by  USTBird-I  has  been
successfully airdropped to the target area during gliding flight.
The system-level contribution of our work is the development,
optimization,  control  and  application  of  a  servo-driven  flap-
ping-wing robot with cambered wings. The specific advances
of our work are embodied in the following three aspects.

i)  Unlike  the  most  bird-like  flapping-wing  robots  that  pro-
duce flapping motion by a combination of gear transmissions
and  motors  [30]−[32],  USTBird-I  is  a  servo-driven  flapping-
wing  robot  with  independently  controlled  wings,  which
enables it to glide like a bird. Furthermore, a camber structure
and  a  dihedral  angle  adjustment  mechanism  are  introduced
into the airfoil design and motion control of the wings, which
is  proved  an  effective  way  to  improve  the  gliding  perfor-
mance of the robot.

ii)  Through  CFD  simulations  and  actual  flight  tests,  the
effects of wing camber and rising angle on the gliding perfor-
mance  of  USTBird-I  have  been  analyzed,  which  evidences
that  birds  with  cambered  wings  may  enhance  their  gliding
ability by controlling the rising angles of the wings.

iii) Differently from the servo-driven flapping-wing robot in
[33], heading control of USTBird-I is realized by adjustments
to  wingbeat  kinematics  without  relying  on  the  tail  rudder.
Moreover,  a  vision-based  airdrop  experiment  has  been  suc-
cessfully  implemented  on  USTBird-I,  which  is  the  first
demonstration  of  a  flapping-wing  robot  conducting  an  out-
door airdrop mission.

In what follows, Section II describes the development of the
flapping-wing  robot.  Section  III  shows  how  to  realize  the
autonomous airdrop mission. Lastly, Section IV gives the con-
clusion and points out the future work.  

II.  Development of USTBird-I

In this section, the design of USTBird-I is introduced from
its  mechanical  realization  to  the  cambered  wing  design  and
the actual flight tests.  
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Fig. 1.     Illustration of an autonomous airdrop of small munitions.
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A.  Mechanical Realization
Nowadays,  there  are  some  effective  actuation  options  for

generation of  flapping motion such as  piezoelectric  materials
and  electromagnetic  motors  [42]−[44].  Constrained  by  the
limited power conversion, piezoelectric drive is more applica-
ble  to  small-size  flapping-wing  robots.  In  contrast,  motor
drive  is  widely  used  in  bird-size  flapping-wing  robots  owing
to its adequate power supply and mature manufacturing craft.
However,  driving  by  only  one  motor  couples  and  synchro-
nizes  motions  of  the  wings  and  only  provides  variable  rate
flapping  at  constant  amplitude.  Then  servo,  as  a  closed-loop
position-controllable  alternative  to  the  motor,  comes into  our
research  perspective.  Driven  by  a  servo,  both  position  and
velocity of  the flapping wing are controllable,  which is  more
similar to the flapping methods of flying creatures [45], [46].
Also,  using  a  servo,  some  unnecessary  cost  caused  by  the
trial-and-error  design  of  the  sophisticated  transmission  struc-
ture  and  the  small  batch  production  of  gears  can  be  circum-
vented.

Fig. 2 shows  our  self-designed  servo-driven  flapping-wing
robot,  USTBird-I,  and its  main components. Table I gives its
weight  decomposition.  Compared  with  the  the  first-genera-
tion robot USTBird (plane wing with a wingspan of 80 cm) in
[47], USTBird-I has a larger wingspan, greater load capacity,
and a bionic cambered airfoil. Two DEKO HV1295 servos are
used to independently drive the two flapping wings such that
the lift  and thrust are produced in the meantime. The camber
structure  of  the  wing  is  inspired  by  birds  and  introduced  by
shaping the custom ribs.
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Fig. 2.     Configuration of USTBird-I.
 

Referring  to  the  periodic  reciprocating  flapping  motion  of
avian wings,  the flapping angles  of  the two decoupled wings
of USTBird-I satisfy
 

ϕL(t) = −[UL +ALgL( fL, t)+ ϵL(t)] (1)
 

ϕR(t) = UR+ARgR( fR, t)+ ϵR(t) (2)
L R

ϕ(t) g(ω, t) ∈ [−1,1]
U A f

ϵ(t)

where  subscripts  and  represent  the  left  and  right  wings,
respectively.  is  the  flapping  angle,  is  a
periodic function formulating the flapping gait, ,  and  are
the  commanded  offset  angle,  amplitude  and  flapping  frequ-
ency of the wing,  is a small inherent error probably aris-
ing from the imprecise control of the servo and the manufac-

turing variations. Since the strokes of two mirror symmetrical
wings  correspond  to  opposite  signal  commands,  there  is  a
minus sign on the right side of (1).

AL = AR = 0 UL = UR = 0
FL FR

As shown in Figs. 3(a)–3(c),  the  novel  servo-driven design
enables USTBird-I to glide like a bird controlled by adjusting
the rising angles of the wings. To be specific, in Fig. 3(a), the
robot  is  controlled  to  glide  with  no  rising  angle,  i.e.,

 and .  In  such  a  case,  the  resulting
lifts of the left and right wings (i.e.,  and ) are equal and
satisfy
 

FL = FR =
1
2
ρCLS V2 (3)

ρ CL S V

UL UR

where , ,  and  represent the air density, the lift coeffi-
cient,  the  wing  area  and  the  airspeed,  respectively.  Different
wing cambers  correspond to  different  lift  coefficients,  result-
ing  in  different  lifts  and  gliding  performances.  Besides,  the
difference in the rising angles of the wings has an influence on
the  aerodynamic  efficiency  as  aforementioned.  As  shown  in
Figs. 3(b)  and 3(c),  to  generate  rising  angles  similar  to  bird,
the dihedral angles of the robot are adjusted by modulating the
values of  and .

FL FR

Figs. 3(d) and 3(f) show that adjustments to wingbeat kine-
matics  of  the  two  wings  enable  USTBird-I  to  exert  control
torques about all three body axes, through which the heading
control  of  USTBird-I  can  be  realized  without  a  tail  actuator.
The net propulsive forces (i.e.,  lift  and thrust) generated by a
flapping  cycle  (one  upstroke  and  one  downstroke)  are
assumed  to  be  equivalent  to  that  on  the  center  plane  of  the
stroke.  For  simplification,  only the  lifts  of  the  two wings are
analyzed, i.e.,  and  shown in Figs. 3(d) and 3(f). Based
on the quasi steady-state assumption [48],  the lift  can be for-
mulated as follows:
 

FL =
C′L

CD,p
kF f 2

L S AL (4)

 

FR =
C′L

CD,p
kF f 2

R S AR (5)

C′L CD,pwhere  and  are  the  lift  and  drag  coefficients,  respec-

 

TABLE I 

Weight Decomposition of the Flapping-Wing Robot

Component weight (g)

Two servos 40.0

Two wings 39.5

Fuselage 17.3

Tail 12.5

Battery 16.0

Control board 3.9

Camera (with the video transmitter) 6.3

IMU 3.8

GPS 5.5

HC12 1.8

Wires and adhesives 5.1

Total 151.7
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tively.  Thus,  the  aerodynamic  forces  can  be  effectively
adjusted by modulating the flapping frequency and amplitude
of the wings. Notably, the frequency is limited to below 4 Hz
in actual flight due to the torque limitations of servos.

The  integrated  robot  prototype  is  able  to  perform  an  out-
door  flight  with  a  flapping  frequency  of  about  2  to  4  Hz.
Owing  to  such  a  low  frequency,  the  ensuing  noise  is  rela-
tively  low. Fig. 4 shows  the  video  sequences  of  an  outdoor
free flight of USTBird-I. It can be observed that although the
robot  flies  almost  along  a  straight  line,  the  attitude  angles
change erratically. In particular, the pitch angle varies periodi-
cally  along  with  the  upstroke  and  downstroke  of  the  wings.
The irregular attitude variations will have an adverse effect on
the quality of the captured images.  

B.  Cambered Wing Design

h/c
c h

h/c = 0,1/4,1/3,5/12
1/2 h/c = 0

Fig. 5 shows the wing structure of USTBird-I.  Particularly,
the  wing  skeleton  consists  of  one  front  spar,  two  main  ribs,
two sub ribs and one inclined strut.  The whole wing is  made
by  sticking  the  wing  membrane  on  the  wing  skeleton.  The
diameters  of  the  front  spar  and  the  sub  ribs  are  3  mm  and
1  mm,  respectively.  The  main  ribs  and  the  inclined  strut  are
laser-cut carbon pieces. There is a round hole at the end of the
inclined strut, which is hinged with the round hole of the con-
nector at the end of the fuselage. The main rib that connects a
segment of parabola with a straight line as shown in Fig. 5 is
the  key  to  shape  different  cambered  airfoils.  Motivated  by
[49]  and  [50],  the  camber  ration  is  used  to  represent  the
wing  camber  where  is  the  chord  length  and  is  the  maxi-
mum  height  of  the  rib  located  at  the  quarter-chord  point.  In
this  paper,  five  types  of  airfoils  ( ,  and

) are considered and compared, where  means that

1/4

there is no camber. Fig. 5 also shows the simulation result of
the  wing  pressure  distribution  with  a  gliding  speed  of  3  m/s
and a  camber  of  by  the  SOLIDWORKS flow simulation
in the case of  no influence of  the tail  and the dihedral  angle.
Next, more systematic and realistic simulations are carried out
based on the COMSOL software.

Fig. 6 shows  the  force  analysis  of  USTBird-I  at  a  stable
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AL = AR = 0 UL = UR = 0
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AL = AR , 0 UL = UR = 0 fL = fR FL FR

AL = AR , 0 UL = −UR , 0 fL = fR
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Fig. 3.     Gliding control and attitude control of USTBird-I. (a) Wing actuation with  and . In this drive mode, USTBird-I is controlled
to glide with no rasing angle of the wings; (b) Wing actuation with  and . In this drive mode, USTBird-I is controlled to glide with a
rasing  angle  of  the  wings;  (c)  Comparison  of  the  rising  angle  of  the  owl  and  the  dihedral  angle  of  USTBird-I  during  gliding;  (d)  Wing  actuation  with

, , and . The fan-shaped region represents the wing stroke.  and  denote the net lifts generated by the left and right wings,
where red arrows show the nominal net lift vectors, and blue arrows show the net lift vectors after control actuation (change the flapping frequency); (e) Wing
actuation with , , and . The net lifts are decomposed into two directions, in which the resultant longitudinal force overcomes
the gravity and the resultant lateral force produces a yaw torque; (f) Wing actuation with , , and . Amplitude difference makes
the produced net lifts/thrusts share a same direction but different magnitudes, thereby generating a roll/yaw torque.
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Fig. 4.     Video sequences of an outdoor free flight of USTBird-I.
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Fig. 5.     Structure  of  the  cambered  wing  and  simulation  result  of  the  pres-
sure distribution when gliding.
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Lsinθ = Dcosθglide status. In such a case, we have  irrespec-
tive of the crosswind. Also, we have
 

L
D
=

1
tanθ

=
d
h′
. (6)

Therefore, at the same altitude, the larger the lift-drag ratio
is, the longer the glide distance becomes. This indicates that it
is not sufficient to simply pursue a larger lift to counteract the
gravity. Instead, a larger lift-drag ratio is necessary to prolong
the glide distance. It should be pointed out that affected by the
small aerodynamic force during the power-free gliding flight,
it is difficult for USTBird-I to maintain a force balance status.
Despite  this,  it  is  still  easy  to  extend  the  conclusion  that  the
larger lift-drag ratio gives rise to a better gliding performance.

To figure out  which camber and dihedral  angle correspond
to  the  largest  lift-drag  ratio,  a  series  of  CFD  simulations  are
conducted based on COMSOL as shown in Fig. 7. The length,
width and height of the working area of the virtual wind tun-
nel  are  set  as  2  m,  1.5  m,  and  1  m,  respectively.  The  wings
and the  tail  are  put  into  the  working area,  due  to  their  major
role in the gliding motion. The angle of attack (AOA) and the
dihedral angle can be adjusted by the rotational motion in the
COMSOL.  The  wind  speed  in  the Z-axis  direction  is  set  to
3  m/s.  Through  simulation  calculation,  the  values  of  3-axis
forces and 3-axis torques are finally generated.
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Fig. 7.     Gliding flight simulation in the COMSOL.
 

According  the  previous  analysis,  the  lift-drag  ratio  data  at
the stable statue of USTBird-I is important. However, it is dif-
ficult  to  determine  a  certain  AOA  corresponding  to  the
moment  balance.  Hence,  the  fitting  relationship  between  the
torque  and  the  AOA  as  well  as  the  dihedral  angle  is  first
obtained through a series of simulations, and then the torque is
set  to  0  to  obtain  the  AOA  and  the  dihedral  angle  in  the
moment equilibrium status. The AOA is set from 0° to 25° in
increment of 5°, and the dihedral angle is set from 0° to 10° in
increment of 2°. According to the actual flight test experience,

the  aerodynamic  center  of  USTBird-I  approximately  coin-
cides with the center of gravity,  which is located at a quarter
of the fuselage from the leading edge of the wing.  180 times
of  simulations  are  conducted,  and  the  results  are  shown  in
Table II.

h/c = 0

h/c =

Taking  the  group  with  as  an  example,  a  three-
dimensional  curved  surface  is  fitted  as  shown  in Fig. 8(a),
where the dihedral angle, AOA and torque correspond to the X
axis, Y axis  and Z axis,  respectively.  The  intersection  line  of
the  surface  and  the XOY plane  denotes  the  moment  equilib-
rium status, and then the AOA which makes the moment bal-
ance  under  different  dihedral  angles  can  be  obtained.  Simi-
larly, the fitting curved surfaces with  1/4, 1/3, 5/12, and
1/2  are  obtained  as  shown in Figs. 8(b)–8(e),  from which  no
explicit  law can  be  found  for  the  equilibrium state  curves  of
different  cambered  airfoils.  However,  it  can  be  obtained  that
the wing camber and the dihedral angle have a direct effect on
the gliding performance of  USTBird-I,  which in  turn implies
that  birds  with  cambered  wings  may  enhance  their  gliding
ability by controlling the rising angles. Through further simu-
lations, the lift-drag ratios in these equilibria are obtained, and
the results  are shown in Fig. 8(f).  It  can be seen that  the lift-
drag ratio reaches the maximum when the dihedral angle is 2°
and the camber ratio is 5/12.  

C.  Actual Flight Tests
To further demonstrate the effects of camber ratio and dihe-

dral angle on gliding performance, several comparative exper-
iments have been done in the outdoor environment. Since the
glide is a completely free flight status, the heading of the flap-
ping-wing robot is affected by the initial velocity and attitude
angles,  and  it  is  extremely  susceptible  to  wind  interference.
However,  a  qualitative  analysis  can  be  made  based  on  the
gliding time and height  descent speed of the robot.  The glid-
ing  performance  of  the  cambered-wing  robot  and  the  plane-
wing robot are tested in five days with different outdoor wind
conditions,  and  the  longest  gliding  times  in  each  day  are
recorded  in Table III. Fig. 9 shows  the  glide  trajectories  in
Day  1  and  Day  2  as  examples.  It  can  be  observed  that  the
glide time of the cambered-wing robot is  significantly longer
than that of the plane-wing robot in all five days. By combin-
ing  the  simulation  and  experimental  results,  it  is  trivial  to
show that the camber ratio and the dihedral angle have a great
effect on the gliding performance of USTBird-I.

Another  concern  lies  in  the  quality  of  the  aerial  video
images  captured  by  the  onboard  camera  during  actual  flight.
The commonly used index to characterize the image quality is
the  peak  signal  to  noise  ratio  (PSNR)  value  [51],  which  is
defined as
 

PSNR(It, It−1) = 10log
2552

MSE(It, It−1)
(7)

MSE(It, It−1)where  represents  the  deviation  of  the  corre-
sponding pixel gray value between two adjacent frames. How-
ever,  due  to  the  fact  that  the  onboard  camera  keeps  moving,
the  difference  of  inter-frame  transformation  fidelity  (DITF)
value can better evaluate the quality of the images [51], which
is defined as 
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Fig. 6.     Force analysis of USTBird-I at a stable glide status.
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DITF(It) = |PSNR(It−1, It)−PSNR(It, It+1)|. (8)
The smaller  the  DITF value  is,  the  more  stable  the  images

are. Fig. 10 shows  the  DITF  variations  of  the  aerial  videos
transmitted back from the cambered-wing robot and the plane-
wing  robot  during  flapping  and  gliding  flights,  and Fig. 11
exhibits  the  means  and  standard  deviations  of  the  DITF  val-
ues.  It  can be  observed that  the  mean and standard deviation
of  the  DITF  of  cambered-wing  robot  are  less  than  those  of
plane-wing robot in both gliding and flapping flights. This fur-
ther verifies that the cambered-wing design is beneficial to the
acquisition of high-quality aerial videos.  

III.  Application in an Autonomous Airdrop Task

In this section, a delivery device is first designed for the air-
drop task, and then a vision-based delivery control strategy is
proposed and implemented on USTBird-I.  

A.  Delivery Device Design and Vision Algorithm
In the airdrop experiment,  a  steel  ball  with 8-mm diameter

is  used  to  serve  as  a  small  munition.  To  realize  the  autono-
mous toss of the delivered ball, a controllable delivery device
is designed as shown in Fig. 12. The device is constituted by a
1.7-gram  PZ-15320 servo  and  a  3D-printed  polylactic  acid
container.  The  whole  delivery  device  with  the  steel  ball
weighs  only  6  g.  To  relive  load  effect  on  the  flight  perfor-
mance, the entire delivery device is fixed at  the aerodynamic
center of USTBird-I.

As  aforementioned,  an  onboard  monocular  camera  is  used
to recognize the delivery target  area.  To distinguish from the
environment, a circular red carpet with a radius of 1 m serves
as  the  target  delivery  area.  Constrained  by  the  limited  load
capacity  of  the  robot,  an  EWRF  LST-S1  mini  FPV  camera
with a weight of 8 g is used here. Video captured by the mini
camera  is  of  poor  quality  and  low  resolution.  Moreover,  the
vibration  of  fuselage  caused  by  the  flapping  motion  deterio-
rates this phenomenon, so it is necessary for us to preprocess
the image.

 

TABLE II 

Torque Values Under Different Camber Ratios, AOAs and Dihedral Angles

Camber Dihedral AOA 0° 5° 10° 15° 20° 25°

h/c = 0

0° 0.1778 0.13691 0.076178 0.014194 −0.03909 −0.086406

2° 0.16984 0.12996 0.078897 0.023822 −0.042973 −0.087325

4° 0.17451 0.12581 0.072827 0.012784 −0.039277 −0.091191

6° 0.17468 0.12574 0.073574 0.018485 −0.037262 −0.088398

8° 0.17185 0.13813 0.074905 0.022501 0.013429 −0.085581

10° 0.13832 0.1221 0.073991 0.015674 −0.035479 −0.085396

h/c = 1/4

0° 0.15021 0.10285 0.052496 0.018827 −0.039213 −0.088932

2° 0.15623 0.10992 0.062935 0.014447 −0.036086 −0.092528

4° 0.15262 0.11415 0.060989 0.017791 −0.04438 −0.092669

6° 0.14856 0.11346 0.063263 0.011577 −0.038427 −0.085531

8° 0.15168 0.11185 0.060827 0.010772 −0.041882 −0.088292

10° 0.15034 0.11168 0.05792 −0.0042017 −0.043154 −0.08735

h/c = 1/3

0° 0.1484 0.094139 0.057192 0.012369 −0.046581 −0.090793

2° 0.13858 0.089344 0.048895 −0.0031706 −0.050197 −0.096944

4° 0.14819 0.081323 0.05325 0.0094164 −0.044869 −0.096261

6° 0.14887 0.10247 0.053083 0.0099368 −0.048096 −0.10726

8° 0.13707 0.098063 0.059689 0.001069 −0.048009 −0.10076

10° 0.1292 0.10162 0.049998 0.011571 −0.048051 −0.099033

h/c = 5/12

0° 0.13494 0.069822 0.044728 0.0042939 −0.056287 −0.10101

2° 0.11798 0.079622 0.039788 −0.015383 −0.058804 −0.10962

4° 0.13714 0.092744 0.050733 0.0026397 −0.055373 −0.10456

6° 0.13532 0.094096 0.02815 0.0028689 −0.054192 −0.10954

8° 0.13226 0.093708 0.045815 −0.0094499 −0.058426 −0.10446

10° 0.1419 0.095805 0.040475 −0.001717 −0.056762 −0.1121

h/c = 1/2

0° 0.1262 0.073345 0.039962 −0.002779 −0.05878 −0.10698

2° 0.11821 0.083282 0.03385 −0.010929 −0.065799 −0.1137

4° 0.12989 0.07971 0.041298 0.0388228 −0.066783 −0.11557

6° 0.13127 0.060954 0.043804 −0.0093337 −0.057892 −0.11571

8° 0.13754 0.088804 0.042969 −0.0025411 −0.064298 −0.11319

10° 0.14298 0.089986 0.037829 −0.012122 −0.061456 −0.11584
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The image recognition process in the experiment is given in
Fig. 13.  The  distortions  of  the  original  image  are  first  elimi-
nated,  and  then  the  no-distortion  image  is  transformed  from
RGB (red, green and bule) space to HSV (hue, saturation and
value)  space  for  color  detection.  Through  the  image  mask
technique, the red mark is converted to white, and other areas
are turned black, thereby generating a binary image. Note that
after the image mask, there are still some background noises.
Thus,  we  adopt  the  morphological  opening  operation  (corro-
sion-expansion) to filter  out  the salt  and pepper noise.  More-
over, due to the fact that the circular target area will be ellipti-
cal  when  mapped  to  the  2D  image,  the  ellipse  detection  is
required to locate the target area in the image plane. In partic-
ular,  the  image  edge  is  detected  by  Canny  method,  and  then
the contour area and the fitted ellipse area are calculated. With
a  suitable  threshold,  the  ratio  of  these  two  areas  is  a  judge-
ment  parameter  for  the  determination  of  an  ellipse.  Finally,
the  contour  labeling  of  the  main  target  is  finished  with  the
contours of smaller objects removed.  

B.  Autonomous Airdrop Control
Fig. 14 sketches the system control architecture of the auto-

nomous  airdrop  mission.  With  the  help  of  the  FPV  camera,
USTBird-I  is  remotely  controlled  to  glide  above  the  target
area. The aerial video is transmitted to the GCS via a 2.4 GHz
video  transmitter  module.  The  position,  attitude  angles  and
velocity  measured  by  the  IMU  and  GPS  are  transmitted  via
serial  ports.  It  should be pointed out  that  the  GPS just  offers
the accurate horizontal  position and velocity information, but
not  the  altitude  information.  Therefore,  the  vertical  velocity
and the  height  are  measured by the  altimeter  installed on the
IMU. After  the  offboard  computation,  the  control  signals  are
sent  by  the  GCS  to  the  control  board  to  control  the  delivery
actuator.

First,  the  predicted  coordinates  of  the  impact  point  should
be calculated based on the data from onboard sensors (includ-
ing the camera). As shown in Fig. 15, four coordinate frames
are established as follows:

Ow−XwYwZw: World coordinate frame with the east, north,
and height as the X, Y, and Z axes.

Oc−XcYcZc:  Camera  coordinate  frame  with  the  center  of
projection  as  the  origin,  and  the Z axis  coinciding  with  the
optical axis.

O− xy: Image coordinate frame with the image center as the
origin.

Op−uv

(xw0,yw0) (vx,vy)
h′ vz

ψ
Ω Ωp

: Pixel coordinate frame with the origin at the upper
left  corner.  The  camera  is  mounted  vertically  downward  on
the fuselage.  and  denote the horizontal posi-
tion and velocity measured by the GPS.  and  represent the
height and vertical velocity measured by the altimeter.  is the
yaw angle measured by the IMU.  and  denote the deliv-
ery target area on the ground and its projection onto the pixel
plane, respectively.

Without consideration of the windage resistance, the motion
of the steel ball is decomposed into independent parts in three
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Fig. 8.     (a)–(e) Fitting surfaces of the torque, dihedral angle and AOA under different camber ratios; (f) Lift-drag ratio values under different camber ratios
and dihedral angles.
 

 

TABLE III 

Glide Tests Result

Day
Cambered wing Plane wing

h′ t h′/t  (m/s) h′ t h′/t  (m/s)
1 18 39 0.462 19 21 0.904

2 11.5 14 0.821 18 10 1.8

3 19 46 0.413 22 23 0.957

4 15 28 0.536 14.5 15 0.967

5 12 15 0.8 13 9 1.444
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g = 9.8 m/s2

vx vy

xw yw

coordinate  axes  once  dropped  from  the  robot.  In  the Z-axis
direction, the steel ball is in a free fall with an acceleration of

 . In the X-axis and Y-axis directions, the steel ball
moves  at  uniform  speeds  of  and ,  respectively.  On  the
other  hand,  the  existing  time  delay  cannot  be  ignored  when
the  precise  toss  is  expected.  By  postulating  that  the  robot
maintains  the  current  speed  in  the  delayed  time  period,  then
the  displacements  and  of  the  steel  ball  in  the  world
coordinate system can be written as
 

xw = vxt,yw = vyt (9)
t = t0+ t1 t0 t1where  with  and  denoting  the  time  of  the  uni-

formly  accelerated  motion  and  the  delay,  respectively.  Thus,

we have
 

vzt0+
1
2

gt2
0 = h′+ vzt1. (10)

t1The delay  can be roughly separated into two parts: time of
data receiving of the GCS, and delay of servo response.

The time of data receiving of the GCS is mainly due to the
capture latency of the camera. In order to obtain this delay, the
FPV camera is used to shoot the stopwatch directly, and then
the  difference  between  the  actual  stopwatch  reading  and  the
stopwatch reading on the image displayed on the ground sta-
tion is obtained. After averaging the data from twenty times of
repeated  trials,  the  time  latency  of  the  GCS  is  finally  deter-
mined to be 0.12 s. The delay of servo response is determined
by  counting  high-speed  camera  shots.  By  ignoring  the  trans-
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Fig. 9.     Video sequences of the glide maneuvers of the cambered-wing robot and the plane-wing robot in Day 1 and Day 2. More details can be found in the
supplementary video S1.
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Fig. 10.     DITF variations of the aerial  videos transmitted back by the cam-
bered-wing robot and the plane-wing robot during flapping and gliding flight.
 

 

Gliding flight
−0.5

0

0.5

1.0

1.5

2.0

2.5

D
IT

F 
(d

B
)

Plane wing
Cambered wing

Flapping flight
 
Fig. 11.     Means and standard deviations of the DITF values.
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t1 = 0.23

(up,vp)

mission range effect on the actual flight, the delay  s
is finally determined. Moreover, the motion of the steel ball in
the  world  coordinate  is  projected  onto  the  pixel  plane  and

 are defined as the coordinates of the predicted impact
point. Through a coordinate transformation, we have
 

h′


up

vp

1

 =


fx 0 u0 0
0 fy v0 0
0 0 1 0

×
 R T

0 1



×


xw+ xw0

yw+ yw0

h′

1

 (11)

fx, fy,u0 v0

R ∈ R3×3 T ∈ R3×1
where , and  are the intrinsic parameters that can be
obtained by camera calibration,  and  are the
rotation matrix and the translation vector expressed as
 

R =


−cosψ 0 sinψ

0 −1 0
sinψ 0 cosψ

 , T =


xw0

yw0

h′

 . (12)

(up,vp)

Note that the rotation matrix is only related to the yaw angle
since  the  pitch  and  roll  angles  during  the  gliding  flight  are
small  enough to be ignored.  Since all  the variables in (9) are
measurable,  the  predicted  coordinates  of  the  impact
point  on  the  pixel  plane  can  be  determined  accordingly.  In
fact, measurement errors from the onboard sensors, wind inter-

Ω′p

ference  in  the  unstructured  environment,  and some neglected
factors  in  the  method  of  calculating  the  impact  points
inevitably  cause  deviations  between  the  predicted  and  actual
impact points. To deal with these deviations, a trust region 
smaller than the target area is set as shown in Fig. 15, and the
airdrop command is executed only when the predicted impact
point is in the trust region.

To realize  an accurate  toss  of  the  steel  ball,  a  vision-based
bang-bang control is applied to the servo arm shown in Fig. 12.
After  calculating  the  predicted  coordinates  of  the  impact
point,  the  bang-bang  control  for  the  servo  arm is  determined
as follows:

(up,vp) ∈Ω′p
90◦

Case 1: , then the steering arm is controlled to
rotate , thereby releasing the steel ball.

(up,vp) <Ω′pCase 2: , then the servo arm remains stationary.
  

C.  Error Analysis and Experiments
The uncertainties that affect the autonomous airdrop mainly

come  from  two  aspects.  i)  USTBird-I  has  no  capability  of
hovering flight  like  a  rotary-wing aircraft.  The inherent  turn-
ing radius and irregular outdoor wind disturbance make it dif-
ficult for USTBird-I to approach to the target area every time.
At  the  same time,  the  wind  disturbance  also  affects  the  glid-
ing  trajectory  of  the  USTBird-I,  further  increasing  the  diffi-
culty for the onboard camera to capture. Fig. 16 shows a flight
trajectory  along  which  USTBird-I  fails  to  fly  over  the  target
area. The blue solid line represents the trajectory of USTBird-
I,  and the red solid circle represents the target area. ii)  When
the onboard camera successfully identities the target area and
executes  the  airdrop  operation,  the  uncertainty  at  this  time
mainly  stems  from  the  measurement  errors  of  the  position,
velocity, and time delay.

(x0,y0,h′0)
(vx0 ,vy0 ,vz0 )

First, simulations are carried out to determine the probabil-
ity of the steel ball dropped into the target area when the air-
drop program is  triggered.  As shown in Fig. 17,  a  coordinate
frame is established with the center point of the target area as
the  origin.  The  states  at  which  the  flapping-wing  robot  can
identify  the  whole  target  area  for  the  first  time are  the  initial
ones, including the initial position  and initial veloc-
ity .  According  to  the  data  from several  times  of
actual flight tests, the initial states are set as random variables
within a certain range as follows:
 

x0,y0 = random[−50,50],h′0 = random[1,7] (13)
 

vx0 ,vy0 = random[−10,10],vz0 = random[−2,6] (14)

(xp,yp)

(x′p,y
′
p)

where  the  units  of  the  position  and  velocity  are  m  and  m/s,
respectively.  With  the  available  initial  states,  the  predicted
impact point coordinate  can be calculated by using the
aforementioned method. A circle with a radius of 0.8 m shown
in Fig. 17 is  set  as  the trust  region here.  To simulate the real
flight, Gaussian noises with different magnitudes are added to
the  velocity,  position  and  time  delay  when  calculating  the
actual  impact  point  coordinate .  As  long  as  the  com-
puted actual impact point is within the target area, the airdrop
is thought successful. By running a sufficient number of simu-
lations in a random mode, the probability of a successful air-
drop can be obtained. The result of 800 times of random simu-
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Fig. 12.     The delivery device.
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Fig. 13.     Image recognition process to identify the delivery target area.
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lations  is  shown  in Fig. 17,  where  the  blue  dots  and  red

crosses  represent  the  predicted  and  actual  impact  points,
respectively.  Although  the  simulation  results  are  slightly  dif-
ferent each time, the success rate is maintained at around 90%.

Actual autonomous airdrop experiment is conducted on the
robot  in  the  outdoor  environment.  Under  the  remote  control,
USTBird-I  loading  the  FPV  camera  and  the  delivery  device
takes off by hand throwing. The operator can observe the cap-
tured video in real time from the GCS. Once the red carpet on
the  ground  is  captured  by  the  camera,  the  operator  controls
USTBird-I  to  glide  above  the  target  area,  and  the  program
automatically executes the airdrop command. Finally, the steel
ball  has  been  successfully  dropped  on  the  red  circular  carpet
many times.  The  flight  trajectory  of  USTBird-I  in  a  success-
ful airdrop experiment is shown in Fig. 18, and a picture of the
small steel ball falling in the air captured by the onboard cam-
era is  shown in Fig. 19.  After  times of  actual  flight  tests,  the
success rate is far less than 90%.  The main reason lies in the
uncertainties  analyzed  before.  The  next  research  work  will
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Fig. 14.     System control architecture of the autonomous airdrop mission.
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Fig. 15.     Illustration  of  the  delivery  target  area  recognition  and  the  impact
point prediction during gliding.
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Fig. 16.     A flight trajectory along which USTBird-I failed to fly over the tar-
get area.
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Fig. 17.     Autonomous airdrop simulation.
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focus on improving the stability and maneuverability of UST-
Bird-I  for  the  purpose  of  increasing  the  success  rate  of  the
autonomous airdrop.  

IV.  Conclusion

In  this  paper,  a  biomimetic  flapping-wing  robot  with  cam-
bered wings has been designed. Two servos are used to inde-
pendently  drive  the  motions  of  two  wings,  guaranteeing  that
both  flapping-wing  flight  and  gliding  flight  are  available.
Inspired  by  birds,  the  gliding  performance  under  different
cambered airfoils and dihedral angles has been compared and
optimized  by  CFD  simulations.  By  conducting  actual  flight
tests on the flapping-wing robot, a conjecture is obtained that
the  wing  camber  and  the  rising  angle  are  the  two  major  fac-
tors  that  affect  the  avian  gliding  performance.  Moreover,  a
vision-based  airdrop  experiment  has  been  conducted  on  the
robot,  which is the first  demonstration of an autonomous air-
drop mission by a flapping-wing robot in the world to the best
knowledge of the authors.

This  paper  provides  a  new  design  and  control  method  for
flapping-wing  robots  and  expands  their  potential  application
scenarios. However, the flight performance of the robot is still
far behind that of birds, and the delivery accuracy is not high

enough because of the control and sensing errors. Thus, future
works  focus  on  improving  the  stability  and  autonomy  of  the
robot.
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