
Aerodynamic analysis of the wing flexibility and the

clap-and-peel motion of the hovering DelFly II
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b&2'&%7+&6&2(,#79 #- 4*(-=%*3 89 7+* (26,* 8*7>**2 7+*

$*,, $*27%*- ,#2* .8*7>**2 7>& $*,, $*27%*-1 (23 7+* 2&%4(, &5

7+* #27*%4*3#(7* 5($*; <+* 3*6%** &5 -?*>2*-- #- 4*(-=%*3

(- 7+* 3#-7(2$* 8*7>**2 7+* 5($* $*27%* (23 7+* $%&-- :&#27

8*7>**2 7+* 5($* 7(26*27 (23 7+* $*,, $*27%*- ,#2*; <+#- 3#-'

7(2$* #- 7+*2 2&%4(,#-*3 >#7+ 7+* 4(62#7=3* &5 7+* $*,, $*2'

7%*- ,#2*; / -$+*4(7#$ *Y:,(2(7#&2 $(2 8* 5&=23 #2 BZD; N2

I:*2_I/" 4*-+*- (%* $&2-#3*%*3 &5 8(3 K=(,#79 >+*2 7+*

2&2'&%7+&6&2(,#79 #- ,(%6*% 7+(2 RJ 3*6%**- &% -?*>2*-- *Y'

$**3- G;J; c&2-#3*%#26 7+*-* 7>& $%#7*%#( #7 $(2 $,*(%,9 8* -**2

7+(7 7>& %&>- &5 $&27%&, :&#27- (%* 2**3*3 7& *2-=%* ( 6&&3

4*-+ K=(,#79 3=%#26 7+* $&4:,*7* 5 (::#26 4&7#&2; <+*%*5&%*

#2 (,, -#4=,(7#&2- 7>& %&>- &5 $&27%&, :&#27- (%* =-*3; N7 #-

$,*(% 7+(7 [H_ 4*-+ #27*%:&,(7#&2 $(2 :%&)#3* ( %&8=-7 4*-+

3*5&%4(7#&2 >+#,* :%*-*%)#26 7+* &%#6#2(, 4*-+ K=(,#79;

3 WING SHAPES

<+* >#26 -+(:*- (%* *Y7%($7*3 5%&4 *Y:*%#4*27- (7 -:*'

$#5 $ :&#27- #2 7#4* 3=%#26 ( 5=,, 5 (::#26 :*%#&3; @:,#2*- (%*

=-*3 7& $&2-7%=$7 7+* >#26 -+(:*- #2 -:($* 5%&4 7+* \N0 #4'

(6*- 5&% -:*$#5 $ :&#27- #2 7#4*; _&=%#*% -*%#*- (%* =-*3 7&

#27*%:&,(7* 7+* -+(:* #2 7#4*;

3.1 The PIV results

_%&4 7+* \N0 *Y:*%#4*27- 7+* $+&%3 >#-* -+(:* (7 3#55*%'

*27 -:(2'>#-* ,&$(7#&2- &5 7+* Q*,_,9 NN >#26 #- &87(#2*3 BTD;

<+* 5 (::#26 5%*K=*2$9 #- CC LMA >+#$+ #- $+(%($7*%#-7#$ 5&%

7+* Q*,_,9 NN; /7 RCk &5 7+* -:(2 .>#7+ ( $+&%3 &5 R;G $41 OJ

-+(:*- #2 7#4* +()* 8**2 %*$&%3*3 5&% &2* 5=,, :*%#&3; @:,#2*

#27*%:&,(7#&2 #- =-*3 7& #27*%:&,(7* 7+* >#26 -+(:* #2 -:($* 5&%

*($+ -:*$#5 $ :&#27 #2 7#4*; N2 _#6=%* F 7+* %*-=,7#26 -:,#2*-A

%*:%*-*27#26 7+* >#26 -+(:*-A (%* -+&>2 5&% 7+* &=7'-7%&?* &%

h:**,h :+(-*;

_#6=%* FV Q*5&%4#26>#26 -+(:* 5&% &=7'-7%&?* &87(#2*3 5%&4

*Y:*%#4*27-;

3.2 Interpolation in space

_&% [H_ 4*-+ #27*%:&,(7#&2 3#-$%*7* :&#27- #2 -:($* (%*

2**3*3 7& 5=2$7#&2 (- $&27%&, :&#27-; <+*-* 3#-$%*7* :&#27-

(%* &87(#2*3 5%&4 7+* -:,#2* #27*%:&,(7#&2- #2 -:($*; _%&4

7+* $&27#2=&=- 3*-$%#:7#&2 =-#26 -:,#2*- (29 2=48*% &5 3#-'

$%*7* :&#27- $(2 8* $+&-*2 (,&26 7+* >#26; @#Y79 =2#5&%4,9

3#-7%#8=7*3 :&#27- (,&26 7+* >#26 (%* =-*3 (- $&27%&, :&#27-

5&% 7+* [H_ 4*-+ #27*%:&,(7#&2; b*Y7 -7*: #- 7& #27*%:&,(7*

7+*-* :&#27- #2 7#4*;

3.3 Interpolation in time

/ %*K=#%*4*27 5&% 7+* #27*%:&,(7#&2 #2 7#4* #- 7+(7 7+* ($'

$*,*%(7#&2 .-*$&23 3*%#)(7#)* &5 7+* #27*%:&,(7#&2 #2 7#4*1 #-

$&27#2=&=-; N5 7+#- %*K=#%*4*27 #- 2&7 4*7 2=4*%#$(, &-$#,,('

7#&2- >#,, &$$=% #2 7+* -#4=,(7#&2 3=* 7& 7+* 7*4:&%(, 7*%4 #2
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7+* b()#*%'@7&?*- *K=(7#&2; <+* 7*4:&%(, 7*%4 #- #23#%*$7,9

%*,(7*3 7& 7+* :%*--=%* 6%(3#*27; Q=* 7& 7+* +#6+ ($$*,*%('

7#&2- (7 7+* >#26 ( +#6+ :%*--=%* 6%(3#*27 >#,, 8* :%*-*27 (7

7+* >#26 $(=-#26 (2 #44*3#(7* #2$%*(-* #2 :%*--=%* (23 7+=-

#2 7+* 5&%$*-; _&% 7+* #27*%:&,(7#&2 #2 7#4* _&=%#*% -*%#*- (%*

=-*3A >+#$+ *2-=%*- 7+(7 7+* -*$&23 3*%#)(7#)* #- $&27#2=&=-

(23 7+(7 7+* 5=2$7#&2 #- :*%#&3#$; _&% *($+ $&&%3#2(7* 5%&4

*($+ $&27%&, :&#27 ( _&=%#*% -*%#*- #27*%:&,(7#&2 #- :*%5&%4*3

#2 7#4*; N2 7&7(, CEJ _&=%#*% -*%#*- #27*%:&,(7#&2 #2 7#4* (%*

2**3*3 5&% 7+* PJ :&#27- #2 -:($*; L&>*)*% +&>4(29 _&=%#*%

4&3*- 4=-7 8* 7(?*2 7& #27*%:&,(7* #2 7#4*� N2$%*(-#26 7+*

2=48*% &5 4&3*- >#,, #2$%*(-* 7+* ($$=%($9 &5 7+* #27*%:&'

,(7#&2 7+%&=6+ 7+* 4*(-=%*3 3(7( :&#27-A 8=7 (- 7+* 4*(-=%*3

3(7( :&#27- $&27(#2 -$(77*% 5%&4 4*(-=%*4*27- *%%&%-A #7 >#,,

(,-& #2$%*(-* 7+* 3&4#2(7#26 5%*K=*2$9 #2 7+* ($$*,*%(7#&2;

L#6+ 5%*K=*2$#*- #2 7+* ($$*,*%(7#&2 #23=$* 2&2':+9-#$(, &-'

$#,,(7#&2- #27& 7+* -#4=,(7#&2A >+#$+ -+&=,3 8* :%*)*27*3 (7

(,, 7#4*-;

3.4 Influence of shape interpolation

<& 3*7*%4#2* +&> 4(29 4&3*- 4=-7 8* =-*3 8&7+ 7+* :&'

-#7#&2 *%%&% (23 7+* #25 =*2$* &5 7+* ($$*,*%(7#&2 5%*K=*2$9

#- -7=3#*3; N2 _#6=%* G 7+* :&-#7#&2 *%%&% >#7+ %*-:*$7 7& 7+*

$&27%&, :&#27- &87(#2*3 5%&4 7+* *Y:*%#4*27- #- -+&>2 5&% 7+*

#27*%:&,(7#&2 #2 7#4* 89 4*(2- &5 7+* 4(Y#4=4 2&%4(,#M*3

4(Y#4=4 *%%&% (23 7+* 4(Y#4=4 2&%4(,#M*3 E'2&%4 *%%&%;

_&% 7+* 2&%4(,#-(7#&2 7+* -7%&?* (4:,#7=3* #- =-*3A >+#$+ #-

*K=(, 7& T $4; <+* E'2&%4 *%%&% #- (,-& 2&%4(,#-*3 89 7+*

2=48*% &5 :&#27-;

_#6=%* GV "(Y#4=42&%4(,#-*3 4(Y#4=4 #27*%:&,(7#&2 *%%&%

)-; � _&=%#*% 4&3*-;

N7 #- $,*(% 7+(7 8&7+ 7+* *%%&%- 3*$%*(-* >+*2 7+* 2=48*%

&5 _&=%#*% 4&3*- #- #2$%*(-*3; ^+*2 4&%* 7+(2 R 4&3*- (%*

=-*3 7+* *%%&%- -**4- 7& ,*)*, &55 (23 7+=- =-#26 R 4&3*- 5&%

#27*%:&,(7#&2 $(2 8* $&2-#3*%*3 -=55 $#*27 #2 7*%4- &5 :&-#7#&2

*%%&%; L&>*)*% =-#26 +#6+*% 4&3*- +(- ( -#62#5 $(27 #25 =*2$*

&2 7+* ($$*,*%(7#&2 &5 7+* >#26;

N2 _#6=%* O 7+* ($$*,*%(7#&2 #2 7+* Y'3#%*$7#&2 &5 7+* ,*(3#26

*36* #- -+&>2 5&% GA R (23 CJ _&=%#*% 4&3*- 7&6*7+*% >#7+ 7+*

($$*,*%(7#&2 &5 7+* $&27%&, :&#27 &87(#2*3 89 5 2#7* 3#55*%*2$'

#26; <+* 3&4#2(7#26 5%*K=*2$9 #2 7+* ($$*,*%(7#&2 #- *K=(, 7&

7+* +#6+*-7 4&3* =-*3 #2 7+* _&=%#*% #27*%:&,(7#&2; N2 _#6=%*

P 7+* :*%#&3#$ ()*%(6* &5 7+* =:>(%3 5&%$* 5&% GA R (23 CJ

_&=%#*% 4&3*- $(2 8* -**2; <+#- :*%#&3#$ ()*%(6* #- &87(#2*3

89 ()*%(6#26 7+* 5&%$* &)*% :*%#&3 P 7#,, GG;

_#6=%* OV ]*(3#26 *36* ($$*,*%(7#&2 5&% 3#55*%*27 2=48*% &5

_&=%#*% 4&3*-;

_#6=%* PV j:>(%3 5&%$* 5&% 3#55*%*27 2=48*% &5 _&=%#*%

4&3*-;

<+* 3&4#2(7#26 5%*K=*2$9 #2 7+* =:>(%3 5&%$* #- *K=(,

7& 7+* 3&4#2(7#26 5%*K=*2$9 #2 7+* ($$*,*%(7#&2 &5 7+* >#26A

>+#$+ #- 3*7*%4#2*3 89 7+* +#6+*-7 _&=%#*% 4&3*; U(%,#*%

-7=3#*- .*;6 BED1 -+&>*3 7+(7 )&%7*Y 3*)*,&:4*27 (23 -+*3'

3#26 (23 2&7 7+* 5%*K=*2$9 &5 7+* >#26h- ($$*,*%(7#&2 #- 3&4'

#2(7#26 7+* 5&%$* )(%#(7#&2; j-#26 7+* +#6+*% _&=%#*% 4&3*-

5&% #27*%:&,(7#&2 #27%&3=$*- 2&2':+9-#$(, &-$#,,(7#&2- #2 7+*

:%*--=%* 5 *,3 (23 $&2-*K=*27,9 #2 7+* 5&%$*-; <& :%*)*27 7+#-

( Q*,_,9 NN ,#?* >#26 #- -#4=,(7*3 89 =-#26 G _&=%#*% 4&3*-;

<+#- -7#,, *2-=%*- 7+(7 6*2*%(, -+(:* &5 7+* 5 *Y#8,* >#26 #-

$(:7=%*3A >+#,* 7+* #27%&3=$7#&2 &5 +#6+ 5%*K=*2$9 &-$#,,('

7#&2- #- ,#4#7*3; _=%7+*% #2)*-7#6(7#&2 #27& 7+* -*,*$7#&2 &5 7+*

2=48*% &5 _&=%#*% 4&3*- #- 3&2* (7 ( ,(7*% -7(6* 89 $(%*5=,,9

3*7*%4#2#26 >+#$+ &-$#,,(7#&2- (%* $(=-*3 89 7+* ($$*,*%(7#&2

(23 >+#$+ 89 7+* )&%7*Y 8*+()#&=%;
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4 FLEXIBLE VS. RIGID

<+* #25 =*2$* &5 7+* >#26 5 *Y#8#,#79 #- -7=3#*3 $&4:(%'

#26 %*-=,7- &5 7+* 5 *Y#8,* >#26 >#7+ (2 *K=#)(,*27 %#6#3 >#26;

H&7+ 7+* =:>(%3 5&%$* (23 7+* )&%7*Y 3*)*,&:4*27 (23 -+*3'

3#26 #- $&4:(%*3;

4.1 Equivalent rigid wing

<& 3*7*%4#2* 7+* #25 =*2$* &5 7+* 3*5&%4#26 -+(:* (2

*K=#)(,*27 %#6#3 >#26 #- 2**3*3; b& Q*,_,9 NN *Y:*%#4*27-

>*%* $&23=$7*3 >#7+ %#6#3 >#26-; <+*%*5&%* (2 *K=#)(,*27

%#6#3 >#26 #- $&2-7%=$7*3 8(-*3 &2 7+* ,*(3#26 *36* (23 7%(#,'

#26 *36* 4&)*4*27 &5 7+* 5 *Y#8,* >#26; <+* ,*(3#26 *36*

4&7#&2 &5 7+* %#6#3 >#26 #- *K=(, 7& 7+(7 &5 7+* 5 *Y#8,* >#26;

Q%(>#26 ( ,#2* 5%&4 7+* ,*(3#26 *36* 7& 7+* 7%(#,#26 *36* &5

7+* 5 *Y#8,* >#26 6#)*- 7+* 3#%*$7#&2 >+#$+ #- =-*3 (- :#7$+

(26,*; ^#7+ 7+*-* 7>& :(%(4*7*%- .,*(3#26 *36* ,&$(7#&2 (23

:#7$+#26 (26,* #2 7#4*1 (23 7+* $&2-7(27 >#26 ,*267+ .R;G $41

7+* *K=#)(,*27 %#6#3 >#26 $(2 8* 4&3*,,*3 3=%#26 7+* $&4'

:,*7* 5 (::#26 :*%#&3; N2 _#6=%* R 8&7+ 7+* 5 *Y#8,* (23 7+*

*K=#)(,*27 %#6#3 >#26 (%* -+&>2 5&% 3#55*%*274&4*27- #2 7#4*

3=%#26 7+* &=7'-7%&?*;

_#6=%* RV _,*Y#8,* (23 *K=#)(,*27 %#6#3 >#26;

4.2 Results

_&% 7+* %#6#3 (23 5 *Y#8,* >#26 7+* 5&%$*- (%* $(,$=,(7*3

5&% -*)*%(, :*%#&3-; N2 7&7(, GG :*%#&3- (%* -#4=,(7*3 5&% *($+

$(,$=,(7#&2; / :*%#&3#$ ()*%(6* #- $(,$=,(7*3 5%&4 :*%#&3- T

7#,, GG; N2 _#6=%* T 7+* :*%#&3#$ ()*%(6* &5 7+* =:>(%3 5&%$*

#- -+&>2 5&% 7+* 7+%** >#26-; <+* 3(-+*3 ,#2* #- 7+* ()*%(6*

5&%$* &5 7+* :*%#&3;

c&4:(%#26 7+* 7>& >#26- #7 $(2 8* -**2 7+(7 7+* ()*%(6*

5&%$* #- +#6+*% 5&% 7+* 5 *Y#8,* >#26; _&% ( ,(%6* :(%7 7+#- #-

$(=-*3 89 7+* 3#: #2 5&%$* 5&% 7+* %#6#3 >#26 (7 7+* -7(%7 &5

7+* &=7'-7%&?* .(%&=23 EEk &5 7+* 5 (::#26 $9$,*1; N2 _#6=%*

Z 7+* )&%7#$#79 5 *,3 &5 7+* 5 *Y#8,* >#26 #- -+&>2 (7 EEk &5

7+* :*%#&3; ^+*2 7+#- #- $&4:(%*3 7& _#6=%* CJA >+#$+ #-

7+* )&%7#$#79 5 *,3 5&% 7+* %#6#3 >#26 (7 7+* -(4* 7#4*A ( $,*(%

3#55*%*2$* #- 5&=23;

_&% 7+* 5 *Y#8,* >#26 7+* ,*(3#26 *36* )&%7*Y #- 8*#26

5&%4*3 (23 7+* 7%(#,#26 *36* )&%7*Y #- %*,(7#)*,9 -4(,,A $(=-'

_#6=%* TV \*%#&3#$(, ()*%(6* &5 7+* =:>(%3 5&%$* 5&% 7+* 7+%**

>#26-;

_#6=%* ZV 0&%7#$#79 5 *,3 5&% 5 *Y#8,* >#26 (7 EEk &5 7+* :*'

%#&3;

#26 ( :&-#7#)* =:>(%3 5&%$*; / 3#55*%*27 -#7=(7#&2 #- 5&=23

5&% 7+* %#6#3 :#7$+#26 >#26; L*%* 7+* 5 %-7 ,*(3#26 *36* )&%7*Y

#- (,%*(39 -+*3 3=* 7& 7+* #27*%($7#&2 >#7+ 7+* ,*(3#26 *36*

)&%7*Y &5 7+* #2'-7%&?*A >+#,* 7+* 7%(#,#26 *36* )&%7*Y #- -7#,,

(77($+*3 (23 (,%*(39 ,(%6*% 7+(2 7+* &2* &5 7+* 5 *Y#8,* >#26;

Q=* 7& 7+#- 3#55*%*2$* 7+* 5 *Y#8,* >#26 :%&3=$*- ( -#62#5 $(27

(4&=27 &5 ,#57A >+#,* 7+* %#6#3 >#26 +(- ( 3#: #2 7+* =:>(%3

5&%$*; /7 ( ,(7*% -7(6* .(%&=23 GJk &5 7+* :*%#&31 7+* 5 *Y#8,*

>#26 -7(%7 7& ,&-* ,#57 3=* 7& 7+* 3*)*,&:*3 7%(#,#26 *36* )&%'

7*Y (23 -+*33#26 &5 7+* ,*(3#26 *36* )&%7*Y; L*%* 7+* %#6#3

>#26 :*%5&%4- 8*77*% 3=* 7& 7+* -+*33#26 &5 7+* 7%(#,#26 *36*

)&%7*Y (23 7+* 3*)*,&:4*27 &5 ( h2*>h ,*(3#26 *36* )&%7*Y;

L*%* 7+* $&4:,*Y 8*+()#&=% &5 #27*%($7#26 )&%7#$*- ,*(3- 7&

7+* 3#55*%*2$* #2 5&%$*-; <+* -+(:* &5 7+* >#26 3&*- +()* (

-#62#5 $(27 #25 =*2$* &2 +&> 7+* )&%7#$*- 3*)*,&: 3=%#26 7+*

5 (::#26 $9$,*;

5 ’CLAP-AND-PEEL’ MOTION

L&> 7+* h$,(:'(23':**,h 4&7#&2 #25 =*2$*- 7+* =:>(%3

5&%$* :%&3=$7#&2 (23 7+* )&%7*Y 3*)*,&:4*27 (23 -+*33#26A

#- -7=3#*3 89 $&4:(%#26 7+* %*-=,7- &5 7>& >#26- $,(::#26

(23 :**,#26 7&6*7+*% >#7+ 7+* %*-=,7- &87(#2*3 #2 7+* :%*)#&=-

:(%(6%(:+ =-#26 ( -#26,* >#26; <+* >#26 -+(:*- &5 7+* Q*,_,9

&87(#2*3 5%&4 7+* *Y:*%#4*27- (%* %*$&%3*3 3=%#26 7+* h$,(:'
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_#6=%* CJV 0&%7#$#79 5 *,3 5&% 7+* %#6#3 >#26 (7 EEk &5 7+*

:*%#&3;

(23':**,h 4&7#&2 (23 $(2 7+=- 8* =-*3 #2 7+#- -#4=,(7#&2; N2

_#6=%* CC 7+* h$,(:'(23':**,h 4&7#&2 #- #,,=-7%(7*3 89 4*(2-

&5 7+* >#26 -+(:*- &87(#2*3 5%&4 7+* *Y:*%#4*27-;

_#6=%* CCV hc,(:'(23':**,h 4&7#&2;

H9 (33#26 ( h-*$&23h >#26 4(?#26 7+* 4#%%&%*3 4&7#&2

7+* h$,(:'(23':**,h #- $%*(7*3 (- $(2 8* -**2 #2 _#6=%* CC;

<+#- $(2 (6(#2 8* 3&2* 5&% 8&7+ 7+* %#6#3 >#26 (23 7+* 5 *Y#'

8,* >#26; L&>*)*% 7+* /]U b()#*%'@7&?*- 4*7+&3 :%*-*27*3

*(%,#*% +(- 3#55 $=,7#*- >+*2 7>& 8&3#*- (%* 4&)#26 7&>(%3-

*($+ &7+*%; U-:*$#(,,9 >+*2 7+*9 (,4&-7 7&=$+ *($+ &7+*% 7+*

$*,,- 8*$&4* )*%9 -4(,,A >+#$+ #- =23*-#%(8,*; Q=* 7& 7+#-

7+* 4*-+ K=(,#79 $(22&7 8* :%*-*%)*3 (29 4&%*; H*$(=-* 7+*

h$,(:'(23':**,h 4&7#&2 &5 7+* 7>& >#26- #- -944*7%#$A ( -94'

4*7%9 :,(2* 7&6*7+*% >#7+ ( -#26,* >#26 :*%5&%4#26 7+#- 4&'

7#&2 4&3*,- 7+* h$,(:'(23':**,h 4&7#&2; <& #4:&-* 7+* -94'

4*7%9 $&23#7#&2- &2 7+* $&%%*$7 ,&$(7#&2 (2 #44*%-*3 -944*'

7%9 :,(2* .8(-*3 &2 7+* #44*%-*3 8&=23(%9 4*7+&31 7&6*7+*%

>#7+ 4*-+ 7&:&,&69 (3X=-74*27- 2*(% 7+#- -944*7%9 :,(2* #-

=-*3;

5.1 Immersed symmetry plane

@*)*%(, (::%&($+*- (%* ()(#,(8,* 7& #4:,*4*27 7+* #4'

4*%-*3 8&=23(%9 4*7+&3 BCZA EJD; <+* 8(-#- .$*,, #3*27#5 '

$(7#&21 5&% 7+#- 4*7+&3 =-*3 5&% 7+#- -7=39 #- 3*)*,&:*3 89

v*,X?& <=?&)#$A j2#)*%-#79 &5 v(6%*8A c%&(7#(; / 4*7+&3

8(-*3 &2 7+* $=7'$*,, 5 2#7* )&,=4* (::%&($+ (- *Y:,(#2*3

#2 BEJD #- #4:,*4*27*3; <+* #44*%-*3 -944*7%9 :,(2* $=7-
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