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Bio-­‐inspired	
  flight	
  systems	
  



Bio-­‐inspired	
   flight	
   system	
   presents	
   an	
   exciDng	
   venture	
   in	
   biomimeDcs,	
   integraDng	
  
many	
  different	
  aspects.	
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Bio-­‐inspired	
  flapping-­‐wing	
  system	
  presents	
  a	
  highly	
  nonlinear	
  mulD-­‐
mechanical	
   problem	
   integraDng	
   low	
   Reynolds	
   number	
   unsteady	
  
aerodynamics,	
   structural	
  mechanics	
   of	
  wing	
   and	
   body,	
  mulD-­‐body	
  
flight	
  dynamics	
  and	
  feedback	
  flight	
  control.	
  	
  

Hummingbird in hovering (Liu lab)!Hawkmoth in hovering (Liu lab)!



Bio-­‐inspired	
   flight	
   systems	
   present	
   a	
   highly	
   interdisciplinary	
  
field	
   and	
   an	
   exciDng	
   venture	
   in	
   biomimeDcs,	
   integraDng	
  many	
  
different	
  aspects.	
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How do insects fly?	


Liu	
  et	
  al	
  Philosophical	
  Transac2ons	
  of	
  the	
  Royal	
  Society	
  B	
  2016 	




Shyy,	
  Liu	
  et	
  al	
  Philosophical	
  Transac2ons	
  	
  
of	
  the	
  Royal	
  Society	
  A	
  2016 	


Robustness	
  and	
  Diversity	
  in	
  Biological	
  Flights	
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Robustness	
  strategies	
  in	
  bio-­‐inspired	
  flight	
  systems:	
  
morphology,	
  dynamics	
  and	
  flight	
  control	
  



 
MORPHOLOGIC	
  ROBUSTNESS	
  IN	
  INSECT	
  FLIGHTS	
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Diversity of Morphology, Structures and  Dynamics in 
Insects, Bats and Birds!
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Insects	
 Bat and Birds	


It is still unclear how the three-dimensional and passive change of wing 
kinematics owing to inherent wing flexibility contributes differently or 
similarly to unsteady aerodynamics and energetics in flapping flights of 
insects, bat & birds.  

Background and Motivation	
 Wing	
  morphing-­‐based	
  aerodynamics	
  vs	
  size	
  cross	
  insects	
  and	
  birds	
  
Scaling	
  macroscopic	
  principles	
  for	
  wing	
  deformaDon	
  

And	
  flexible	
  wing	
  aerodynamics	
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 (a)  Wing kinematics. (b) Wing morphologies. (c) Near-and far-field vortex dynamics in fruitfly and  
hawkmoth hovering. (d) Flexible wings aerodynamics in hovering hawkmoth. (e) Vortex dynamics 
around a revolving bumblebee wing. 	




 
 Robustness	
  in	
  wing	
  morphology�

Flapping	
  and	
  revolving	
  wings	
  can	
  produce	
  aVached	
  leading-­‐edge	
  vorDces	
  when	
  the	
  
angle	
   of	
   aVack	
   is	
   large.	
   A	
   low-­‐order	
  model	
   is	
   proposed	
   for	
   the	
   edge	
   vorDces	
   that	
  
develop	
  on	
  a	
  revolving	
  plate	
  at	
  90	
  angle	
  of	
  aVack,	
  which	
  is	
  the	
  simplest	
  limiDng	
  case,	
  
yet	
  shows	
  remarkable	
  similarity	
  with	
  the	
  generally	
  known	
  leading-­‐edge	
  vorDces.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Chen, Kolomenskiy, Liu. J. Fluid Mech. 2017 
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202 D. Chen, D. Kolomenskiy and H. Liu
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FIGURE 1. (Colour online) (a) Drawing of a revolving plate highlighting the edge vortex
domain considered in our analysis. (b) Line vortex model and the radial position of a
Lagrangian vortex element at consecutive time instants ⌧1, ⌧2 and ⌧3. (c) Two-dimensional
point vortex approximation of the flow. (d) The flow domain in the physical plane z and
in the preimage plane ⇣ .

The effect of the finite chord length is taken into account approximately by using
potential flow asymptotics for the velocity.

Thus, the viscous flow in a small neighbourhood around the edge is dominated by
the separation that produces vorticity. In two-dimensional flows, or if the plate is in
pure translation, the vorticity accumulates in the near-wake region until it sheds as a
separated vortex. The flow topology changes dramatically due to the presence of the
spanwise flow that removes the vorticity from the edge vortex and deposits it into a
trailing vortex when the wing revolves (Maxworthy 1979; Liu et al. 1998; Lentink
& Dickinson 2009). Hence, among all of the effects that have any influence on the
edge vortex properties, we postulate that two phenomena are of utter importance:
(i) vorticity production and (ii) three-dimensional transport of the vorticity. Using
approximate models of these two phenomena, we derive the desired estimates for the
edge vortex position and circulation.

The next important step is to approximate the diffuse vortex core by a thin
vortex line that originates from the root and extends towards the tip of the plate
(see figure 1b). An element dr of that line vortex at a distance r from the axis
of revolution substitutes for the radial vorticity in the fluid contained between two
virtual cylinders of radii r and r + dr. Our model neglects the vorticity components
in directions other than radial. The error is estimated a posteriori in appendix A. We
follow the path of a selected Lagrangian element of the line vortex as its distance
from the axis of revolution r(⌧ ) increases in time ⌧ due to the spanwise advection,
and use the Brown–Michael vortex to estimate the vorticity produced at any r. The
Lagrangian vortex particle moves spanwise with velocity V

r

such that dr/d⌧ = V

r

(r).
We postulate that it is related to the inflow velocity U(r) as

V

r

= K

sp

U, where U = ⌦r, (2.1)

and earlier research by Maxworthy (2007) and Limacher et al. (2016), as well as
our numerical simulations, suggest that it is adequate to assume K

sp

= const. After
integration we obtain

r(⌧ ) = r0eK

sp

⌦⌧ and U(⌧ ) = ⌦r0eK

sp

⌦⌧ , (2.2a,b)
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FIGURE 3. (Colour online) Flow over the plate at ⌦c

2/⌫ = 83. (a) Vorticity isocontours
superimposed with the theoretical position of the line vortex z1. The vorticity scale is in
s�1. The grey rectangles highlight the integration domain used for calculation of the vortex
circulation in this example. (b) Normalized circulation of the vortex as a function of the
normalized spanwise distance.

perpendicular and parallel to the plate, d? = Re(z⌃ � z

edge

) and dk = Im(z⌃ � z

edge

),
respectively. The vorticity central line z⌃(r) in the CFD is calculated as

z

CFD

⌃ = 1
� CFD

⌃

Z 2p

0

Z

L

y

/2

0
(r� + iy)!

r

r dy d�. (3.5)

This definition is equally suitable for flows at any Re, including those cases when it
is difficult to identify the vortex core. Its counterpart in the line vortex model is

z

theory

⌃ = z1�1 + z

half -plate

�
half -plate

�1 + �
half -plate

, (3.6)

where z

half -plate

is calculated using the distribution of bound vorticity over the plate,
as explained in appendix B. The agreement between the theoretical estimate and
the results of the numerical simulation is the best over the inner central part of the
plate. When r/c > 5, the wing-tip effects become dominant and the vorticity spreads
far behind the plate in the CFD results. This effect is beyond the limitations of our
theoretical model of the edge vortex, which neglects aerodynamic interactions with
the wing tip.

When Re is sufficiently large, the edge vortex has a distinguishable core of large
axial vorticity. Let us compare its properties with the line vortex model estimate at
⌦c

2/⌫ = 83. In PIV experiments as well as in numerical simulations, the circulation is
usually calculated by summing up the spanwise vorticity contained in flat rectangular
windows (cf. Carr, DeVoria & Ringuette 2015). Therefore, in this example, we
also use flat windows of height c and width 0.5r, shown as grey shaded areas
in figure 3(a). Sectional isolines of the vorticity component perpendicular to the
integration planes reveal the vortex core. The white line superimposed on figure 3(a)
shows the theoretical estimate (2.15) for the top edge vortex line. It passes through
the vorticity core, which means that z1 calculated using the line vortex model is a
reasonable prediction for the apparent position of the vortex. Note that, even in two
dimensions, the position of the point vortex does not exactly match the position of
maximum vorticity (see Wang & Eldredge 2013).
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Liu et al J. Comp. Phys, J. Exp. Biol 1998 



 
 Robustness	
  in	
  wing	
  morphology�

Forewing morphology plays a dominate role in achieving low-Reynolds 
number aerodynamic performance in natural flyers as well as in revolving 
and/or flapping micro air vehicles.  Chen, Kolomenskiy, Liu. Bioinspir. Biomim. 2017 
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 Robustness	
  in	
  wing	
  morphology�

“Smart	
  wing	
  rotaDon	
  and	
  trailing-­‐edge	
  vorDces	
  enable	
  high	
  frequency	
  mosquito	
  flight” 
Although mosquitoes use familiar separated flow patterns, much of the aerodynamic force that 
supports their weight is generated in a manner unlike any previously described for a flying animal. 
There are three key features: leading edge vortices (a well-known mechanism that appears to be 
almost ubiquitous in insect flight), trailing-edge vortices caused by a form of wake capture at stroke 
reversal, and rotational drag.                                                  Bumprehy, Nakata et al Nature. 2017 
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DYNAMIC	
  ROBUSTNESS	
  IN	
  BIO-­‐FLIGHTS	
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  2016 	




 
 Robustness	
  in	
  flapping	
  kinemaDcs	
  

Robustness	
  in	
  flapping	
  kinemaDcs:	
  
        Reduced frequency vs Mass in biological flapping flights 

 
Shyy,	
  Kang,	
  Aono,	
  Liu	
  Cambridge	
  U	
  Press	
  2013	
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 Robustness	
  in	
  wing	
  deformaDon	
  

Passive deformation owing to wing flexibility in flapping flight 
is of robustness and capable of enhancing aerodynamic 
performance and flight stability. 
Flying	
  animals	
  typically	
  have	
  flexible	
  
wings	
  to	
  adapt	
  the	
  flow	
  enviroment.	
  	


T. Nakata & H. Liu (JCP, 2011;  Proc R. Soc B, 2011) 

A Fluid-Structure Interaction (FSI)  
of hawkmoth flapping wings  	




Flexible wing aerodynamics (FSI) 

0	
 0.25	
 0.5	
 0.75	
 1	

-18	


-12	


-6	


0	


6	


12	


18	


A
ng

ul
ar

 v
el

oc
ity

/1
03 d

eg
 s-1
�

Stroke cycle, t/T�
A

ng
le

s, 
φ,

 α
/d

eg
�

Feathering angle�

Positional angle�

: Distal area of flexible wing	

: Wing base/Inflexible wing	



Phase advance�

Phase delay �
-90	


-60	


-30	


0	


30	


60	


90	


Increased angular velocity �

Flapping and feathering angles of distal area of 
flexible wing and the angular velocities. �

Advanced rotation mechanism 	


T. Nakata & H. Liu (JCP, 2011;  Proc R. Soc. B, 2011) 15�



Flexible wing aerodynamics (FSI) 

Pressure(non-dimensional)	
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20% increase in average vertical force	


T. Nakata & H. Liu (JCP, 2011;  Proc R. Soc. B, 2011) 

13% increase in efficiency	
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1st	
  realisDc	
  CFD	
  model	
  with	
  flexible	
  wings	
  revealed	
  
importance	
  of	
  wing	
  deforma2on	
  in	
  hummingbird	
  hovering.	
  

(Maeda, Liu et al The Royal Society Open Science   2017)	


x 0.015 speed 



Far wake 

slant view (from right, behind) lateral (right) view 

top view 
heading → 

heading → 

heading → 

In	
  prepara2on,	
  2018	
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All the values are time-averaged (2 to 3 cycle) and 
for the respective right wing. 

Hawkmoth 
Agrius convolvuli	


Hummingbird 
Amazilia amazilia	


Morphing(flexible) models 
Fv (mN) 5.95    	
 22.39	


Cv 0.79	
 0.52	


P (mW) 25.70	
 80.77	


Fv/P (N/W) 0.26	
 0.28	

Flat (rigid) models	


Fv (mN) 3.98    (-33%)    	
 15.43    (-31%) 	

Cv 0.53	
 0.36	


P (mW) 19.46    (-24%)	
 63.78     (-21%)	

Fv/P (N/W) 0.22 	
 0.24	


(Fv/P morphing) / (Fv/P flat) 	
15.4 %  14.3 %	


Cycle-averaged 
aerodynamic force, 
Power, Efficiency	


In	
  prepara2on,	
  2018	
  

Aerodynamics:	
  
	
  Wing	
  flexibility	
  in	
  hovering	
  flights	
  of	
  hawkmoth	
  and	
  
hummingbird	
  can	
  create	
  larger	
  aerodynamic	
  forces	
  and	
  
achieve	
  beVer	
  aerodynamic	
  efficiencies.	
  
	
  
ImplicaDon	
  for	
  flapping	
  MAV	
  design:	
  
Bio-­‐inspired	
  wing	
  kinemaDcs	
  and	
  deformaDon	
  are	
  
more	
  important	
  rather	
  than	
  wing	
  structure	
  (vein,	
  
membrane,	
  musculature).	
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Dynamic Musculoskeletal Model (DMSM)	

flapping system	


Ando et al. Biology letters (2016) 

Down-stroke	
 Up-stroke	


 
 Robustness	
  in	
  flexible	
  wing	
  hinge	
  &	
  musculoskeleton	
  

Enhancement of flight efficiency by elastic storage 
(Dickinson et al Science 1996) 

1. Input oscillation 
2-3. Musculoskeleton: spring-mass-damper system  
4-5. Wing hinge-induced flapping & rotation 

Walker et al. PLoS Biology (2014) 



Reconstruction of wing kinematics	
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Optimization result (amplitude ratio: 0.8) 	


 
 Robustness	
  in	
  flexible	
  wing	
  hinge	
  &	
  musculoskeleton	
  



Relationship between inputs and efficiencies	


Wing hinge flexibility can enhance mechanical efficiency.	


Rankine-Froude power, PRF	


 
 Robustness	
  in	
  flexible	
  wing	
  hinge	
  &	
  musculoskeleton	
  

In preparation 2018	




 
ROBUST	
  STABILIZATION	
  AND	
  CONTROL	
  	
  

IN	
  BIO-­‐FLIGHTS	
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Body dynamics of a bumblebee in forward flight 

Lateral 
displacement 

Roll angle 

Wind tunnel 
experiment 
by S. Ravi et al. 
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Cylinder wake turbulence inflow (unsteady) 
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  msRavi,	
  Kolomenskiy,	
  Liu	
  et	
  al	
  Scien2fic	
  Reports	
  2016	


 A	
  novel	
  mechanism	
  that	
  enables	
  bees	
  to	
  passively	
   ride	
  
out	
   high-­‐frequency	
   perturbaDons	
   while	
   performing	
  
acDve	
  maneuvers	
  at	
  lower	
  frequencies.	




Results & Discussion
Bumblebees minimize control challenges by 
combining active and passive modes in turbulence.	
  

(Ravi,	
  Kolomenskiy,	
  Liu	
  et	
  al	
  Scien2fic	
  Reports	
  2016)	
  	
  	
  	
  

fct=0; 1/2; 1fct=3/4 fct=1/4
(a)

(b)
fvt=0; 1/2; 1fvt=3/4 fvt=1/4

wind wind wind wind

roll
torque

lateral
force

(a)  low frequency casting maneuvers 
(helicopter model) 

(b)   high frequency buffeting in unsteady 
winds (sailboat model) 	


The	
   capacity	
   of	
   maintaining	
   stability	
   by	
   combining	
  
passive	
  and	
  acDve	
  modes	
  at	
  different	
  Dmescales	
  provides	
  
a	
   viable	
   means	
   for	
   insects	
   and	
   machines	
   to	
   tackle	
   the	
  
challenges	
  posed	
  by	
  complex	
  airflows.	




 
ROBUST	
  PASSIVE	
  MECHANISMS	
  	
  

IN	
  INSECT-­‐INSPIRED	
  MAVS	
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 Bio-­‐inspired	
  flight	
  and	
  BiomimeDcs �

Liu	
  et	
  al	
  Philosophical	
  Transac2ons	
  of	
  the	
  Royal	
  Society	
  B	
  2016 	


Bio-inspired flight system: integration of inner !
working system & external mechanical system!

Strategy of bio-inspired system-based 
systematic design & manufacturing in MAVs!
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 Bio-­‐inspired	
  autonomous	
  system	
  and	
  biomimeDcs	
  of	
  flying	
  animal �

BiomimeDcs	
  in	
  bio-­‐inspired	
  flight	
  system:	
  
flapping-­‐wing	
  micro	
  air	
  vehicles	
  and	
  beyond	
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Insect-like flapping motion 
by the differential gear 
system (f=~3 Hz).	


Inflexible wing 
(polystyrene paper, 
t=2.5 mm)	


Arm robot	


Developed	
  a	
  biomime2c	
  flapping	
  Micro	
  Air	
  Vehicle	
  
(Nakata	
  &	
  Liu,	
  Bioinspir.	
  Biomim.	
  2012)	
  

JAXA	
  	




 
 　　�

 
Bio-inspired flapping-wing Micro Air Vehicles �

A	
  Hummingbird-­‐inspired	
  X-­‐wing	
  MAV	
  (Nakata&Liu	
  et	
  al	
  BB	
  2012)	


Mass Media: NHK, TBS-BS, 読売新聞, 朝日新聞, 日本経済新聞, 
新华社, Reuters (2009 ~ 2014)	


Reuters (2011)	
Clap and fling	
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Developed	
  2nd	
  generaDon	
  two-­‐winged	
  fMAV:	
  a	
  MEMS-­‐based	
  
biomime2c	
  wing	
  design	
  (Tanaka&Liu	
  et	
  al	
  BB	
  2015)	


Artificial wing	
 Hummingbird Bioinspired fligth system Biomechanics 

Flexible flapping wings with self-organized microwrinkles	




A	
  novel	
  flapping	
  mechanism	
  with	
  planetary	
  gear	
  
mechanisms	
  and	
  passive	
  wing-­‐hinges	


A planetary gear mechanism	


Feathering	


Flapping	


LE	


rotation	

hinge	


Hinge	


Passive wing-hinge	


combined	
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Developing a novel flapping mechanism with paired 
hummingbird-inspired wings	
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It	
  is	
  known	
  that	
  real	
  moths	
  can	
  acDvely	
  
alter	
  body	
  shape	
  	
  through	
  the	
  acDon	
  of	
  
muscles	
  at	
  the	
  thoracic-­‐abdominal	
  joint	
  

The	
  experimentally	
  measured	
  abdominal	
  
movements	
  can	
  help	
  maintaining	
  stable	
  
hovering	
  flight	
  in	
  the	
  mathemaDcal	
  model	
  

Hinterwirth and Daniel (2010) 
J. Exp. Biol. 

Visual stimuli system 

Time [s] Dyhr et  al. (2013) 
J. Exp. Biol. 

Robustness	
  passive	
  mechanisms	
  in	
  insect-­‐inspired	
  MAVs	
  
Body flexion of a hawkmoth  

From Daniel Lab (2009) 

These experimental studies was 
conducted only tethered flight 
conditions and analysis in a free-
flight condition with a flexible 
body has not been undertaken 

Until now,  it is not clear how their body flexion is produced  
actively / passively in the free-flight condition? 

↓ 
Firstly, evaluate the time-varying body deformation  

on the flapping flight dynamics 

Bioinspired fligth system Biomechanics 



Flexible  

Rigid 

Very Flexible 

Flexible multi body dynamics: time-varying body 
models 

Noda, Liu JBSE 2015 



Passive stabilization of bio-inspired  
micro-air vehicle using flexible body mechanism	


 
 Robustness	
  passive	
  mechanisms	
  in	
  insect-­‐inspired	
  MAVs	
  

Rigid body&tail Flexible body&tail（30Hz） 

rubber	


In preparation 2018	
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Robustness	
  strategies	
  in	
  bio-­‐inspired	
  flight	
  systems:	
  
morphology,	
  dynamics	
  and	
  flight	
  control	
  

Flexible	
  structures	
  (body,	
  wing,	
  vein,	
  hinge,	
  motor,	
  muscle,	
  
sensor,	
  neuron)are	
  an	
  essen6al	
  and	
  sophis6cated	
  design	
  in	
  bio-­‐
inspired	
  flight	
  systems,	
  which	
  offer	
  promises	
  to	
  design	
  smart	
  and	
  
mul6-­‐func6onal	
  autonomous	
  systems	
  and	
  robots	
  for	
  engineering	
  
applica6ons.	
  	
  	
  

Challenges	
  and	
  Future	
  Opportunity	
  (1/2)	
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Passive	
  and	
  Ac2ve	
  Mechanisms	
  (aerodynamics,	
  stability,	
  

control,	
  sensing,	
  modula6ng)	
  work	
  interac6vely	
  and	
  
complementarily	
  in	
  biological	
  systems,	
  which	
  are	
  robust,	
  efficient	
  
and	
  sustainable.	
  	
  	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
The	
  Chinese	
  philosophy	
  might	
  have	
  already	
  given	
  a	
  sophis6cated	
  
solu6on	
  to	
  this:太極圖the	
  principles	
  of	
  Ying	
  (nega2ve-­‐passive)	
  and	
  
Yang	
  (posi2ve-­‐ac2ve).	
  	

	
  

Challenge	
  and	
  Future	
  OpportuniDes	
  (2/2)	


阴(陰)Yin	
  	
  
(nega6ve-­‐passive)	


阳(陽)Yang	
  	
  
(posi6ve-­‐ac6ve)	
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  dynamics	
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