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ABSTRACT 

 The flight performance of micro air vehicles (MAVs) is greatly affected by gust loading 

and aircraft designers have sought out nature-inspired designs to compensate for this problem in 

particular.  This study serves to quantify the drag on the surface of D. plexippus (Monarch 

butterfly) wings during the downstroke of flapping flight due to surface drag.  By analyzing the 

scale pattern on the surface of the wing and approximating the flow conditions using solutions to 

the Navier-Stokes equation, the sizing requirements for testing a model of the geometry in oil are 

developed.  Two models were constructed and the drag on their surfaces is recorded as a function 

of the Reynolds number based on gap height.  The average partial slip velocities and 

corresponding drag changes are calculated and the implications of a preferential flow direction 

for flapping flight are discussed. 
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1.  INTRODUCTION 
 

 The desire to build aircraft of higher performance, higher efficiency, and greater safety 

for pilots has led the aerospace industry into a unique situation.  Unmanned Aerial Vehicles 

(UAVs) can now perform many of the tasks previously carried out by pilots, taking humans out 

of the loop and out of harms’ way.  These aircraft are capable of greater maneuverability and 

flexibility because they are not constrained by environmental factors that affect pilot 

performance, such as endurance for a long flight or the g-forces in an evasive maneuver.  Fully 

autonomous UAVs are already in service for simple surveillance tasks, and their utility will 

surely increase as a computer programs’ ability to process new information and make decisions 

increases.  The fact that humans are no longer a requirement for an aircraft to fly and perform 

complex tasks has raised the question: how small can an aircraft really be? 

 Micro Air Vehicles, or MAVs, are the next frontier of subsonic flight with wingspans of 

about 15 cm (6”) and flight speeds well below the stall speed of a general aviation aircraft.  

Many issues face today’s MAV designer, notably propulsion and stability.  The size of these 

craft is such that their flight speed is of the same order of magnitude as a gust, say, in an urban 

environment such as a city with tall buildings.  For this reason, researchers have begun to look 

towards nature for inspiration, analyzing the flight of small birds and insects for answers to these 

unique issues.  Species such as Danaus plexippus (Monarch butterfly) are of great interest due to 

their high endurance, long range, and flight performance.   

In this study the embedded cavities formed by scales on the wings of D. plexippus were 

modeled for testing in the Couette flow facility at The University of Alabama.  The resulting 
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drag data was compared against a flat plate model and the implications of the embedded cavities 

on flapping butterfly flight were considered. 
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2.  BACKGROUND 

Beginning with the work of Nachtigall (1967) researchers have noted the ability of 

insects to produce a high level of lift during flapping flight.  By capturing the wing motion of a 

wasp at over 7000 frames per second, it was noted that the wings do not simply pivot about the 

thorax (Weis-Fogh 1973).  The wings actually twist about the chord at the top of a stroke.  This 

motion is called a “clap-and-fling”, and the initial supposition was that when the wing edges 

were separated during the “fling” a pair of counter rotating tip vortices were formed and 

contributed to the high lift measured.  Additional results of this study include estimates for a 

wide range of insects and several small birds.  While D. plexippus was not studied, other 

butterflies were, and the range of coefficients were 0.9<Cl<1.3 for lift and 0.1<Cd<0.2 for drag.  

The range of lift to drag ratios spanned from 6 to 9 (Weis-Fogh 1973). 

The presence of vortices was later confirmed using smoke visualization over the wings 

and body of a hawkmoth (Maxworthy 1979).  The tip vortices were observed connected to a 

large leading edge vortex (LEV) that remained attached to the upper surface of the wing.  The 

clap-and-fling motion causes the LEV to be shed before it breaks down, which would otherwise 

cause a loss of lift. 

The effect of the LEV on lift production in flapping flight has been the subject of many 

experimental and computational studies.  The investigation of a mechanical flapping wing 

resulted in views of a high velocity spanwise flow at the center of the LEV (Birch et al. 2003). It 

was determined that this strong spanwise flow must be present for the LEV to remain attached to 

the wing surface as it leads to a decrease in the growth rate of the vortex.   
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The combined result of previous research is that there exists a basic understanding of the 

flows over these flapping wings.  It has been shown that for butterflies, during the downstroke of 

their wing motion, the LEV covers the upper surface of the forewing, with reattached flow 

moving in the streamwise direction towards the trailing edge as shown in Figure 1 (Srygley and 

Thomas 2002).  Thus, there is a complex flow field very near the wing surface, with flow 

moving from the reattachment point towards the leading and trailing edges, respectively.   

Interest in surface geometry modification as an avenue for drag reduction has led to 

several studies on plates with fins or plates with cavities.  The turbulent skin friction drag 

reduction for plates with longitudinal, or streamwise, rectangular embedded cavities, or riblets, 

has been calculated to be 9% (Bechert et al. 1997).  The slip velocity over these cavities has been 

found theoretically, not only for the streamwise direction but also for the spanwise direction in 

the Stokes limit as the Reynolds number approaches zero (Wang 2003).  This study found that 

the slip velocity for streamwise cavities was nearly twice that for spanwise cavities.  A study by 

 
Figure 1.  Sketch of the flow field over a butterfly wing during down stroke 

(Srygley and Thomas 2002) 
!

Figure 1 Butterfly leading edge vortex structure. a, Smoke-wire visualization of the flow
over the midline of V. atalanta in free flight. Top and side views of a 397-mg female flying

into a 1.5m s21 wind are shown. The high-speed camera images were taken

immediately before and after the high-resolution top view. The images show a free-slip

critical point (saddle) above the midline of the animal (arrows). b, Critical point
reconstruction of the flow described from tethered flight and flapping flight studies2,4,5

with conical-spiral leading-edge vortices (Werle–Legendre separations) over each wing

and attached flow over the midline. The flow seen in a is not consistent with this pattern of
flow. c, Side views showing the flow that would be visualized by a vertical array of smoke

streams positioned along the midline, half-way out along the wing, and at the wing-tip.

The conical-spiral leading-edge vortices would require an attached flow at the midline,

which is not seen in V. atalanta. d, Critical point interpretation of the flow that is seen in

flow visualizations of V. atalanta. There is a free-slip critical point (saddle) above the

midline of the animal, and the cores of the leading-edge vortices run from this saddle point

out along the leading edges and into the wing-tip vortices, with which they are continuous.

The leading-edge vortices are of constant diameter, and spanwise flow is negligible or

absent (see Supplementary Information for video footage and further images showing

these details).

Figure 2 Flow over the wings during the downstroke. a, Side view of a double leading-

edge vortex (arrows) used to generate extreme accelerations in vertical take off by a

364-mg male flying into a 1.0m s21 wind. b, Attached flow used by a 434-mg male

during steady forward flight into a 1.5m s21 wind. The arrow points to the bright smoke

streams flowing straight towards the camera as they wrap around the wing-tip vortex.

c, Leading-edge vortex used during acceleration by the same 434-mg male in the same
video sequence. The arrow points to a smoke stream that splits in front of and above

the leading edge where it encounters the rapidly rotating air in the leading-edge vortex,

which is moving vertically at this point; that is, in a perpendicular direction to the smoke

stream arriving at the wing.

letters to nature

NATURE |VOL 420 | 12 DECEMBER 2002 | www.nature.com/nature 661© 2002        Nature  Publishing Group
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Scholle et al. (2006) shows the presence of vortices in the embedded cavities produce a “roller-

bearing effect”, imparting a partial slip velocity along the top of the cavity, as shown in Figure 2. 

 

Figure 2. Vortex in embedded cavity, “roller-bearing effect” (Scholle et al. 2006) 

Butterflies and moths belong to the order Lepidoptera meaning “scale wing”, and they 

owe many traits to these scales.  The structure of these flat scales on the nanometer-level causes 

refraction of incoming light, giving rise to a wide spectrum of colors and iridescence.  The 

factors affecting scale refraction has been studied in depth by Ingram (2009).  These structures 

are also hydrophobic and they cover the entire wing, thus the butterfly is able to shed water.  

This hydrophobic tendency is due to high contact angles and was investigated by Wagner et al. 

(1995) by dusting the wing with silicate dust particles, then applying a mist, and finally 

calculating the percentage of particles removed.  The species tested from order Lepidoptera 

showed removal rates between 95.31% and 99.59%, indicating virtually all particles were 

removed by water droplets.  Figure 3 shows the scales on the hindwing of D. plexippus as they 

rise and the fall over an underlying vein. 

  

 

Drag reduction and improvement of material transport in creeping films 103

Fig. 5 Evolution of eddies in a film over the peak array of order three for increasing waviness at a fixed flow rate of !s = 18"3

eddies are qualitatively similar to the eddies of Moffatt [34], but not quantitatively, since we have characteristic
lengths in our problem.

We compare these results for the sinusoidal profile with calculations on films over the inharmonic profiles
given in Sect. 2.4. First, a peak array of order N = 3 is considered (see Eq. 48 and Fig. 3). For a fixed flow
rate !s = 18"3, streamline patterns have been calculated at different values of the waviness a. The evolution
of the eddy structure with increasing waviness is shown by the sequence of pictures in Fig. 5: similar to the
harmonic case, the onset of flow separation is observed if the waviness exceeds a critical value, a ! 0.26" in
this case. This value does not differ significantly from the corresponding value a ! 0.27" for a flows over a
harmonic bottom. Instead of one single eddy, a pair of eddies is created at the positions of maximum curvature.
After a slight increase of the waviness, the growth of the eddies leads to a contact between them and gives rise
to a structural change, namely the merging of the two eddies to a single one. This single eddy again grows with
increasing waviness. Note, that the separatrix is discernable concave, whereas in films over harmonic bottom
shapes the separatrix of the primary eddy is nearly plane. In the last picture of Fig. 5 a secondary pair of eddies
becomes apparent, which again merge on further increase of the waviness. The onset of the secondary flow
separation is at a ! 1.2" , which is noticeable higher than the corresponding value a ! 0.73" for films over
a harmonic-shaped bottom.

The evolution of eddies shown in Fig. 5 is also representative for peak arrays of order N > 3: the resulting
streamline pictures reveal qualitatively similar structures. In Fig. 6 a comparison of the near-bottom streamlines
of a film flow over a peak array of order three with a film flow over a peak array of order ten is shown. In
both cases the waviness is a = 1.4" and the flow rate !s = 5333"3, which equals the flow rate of a film flow
over a flat bottom with thickness h0 = 20" . Primary and secondary flow separation becomes apparent in both
examples. As a qualitative difference we see that in the flow over the peak array of order three the secondary
pair of eddies is completely merged to a single eddy, whereas in the flow over the peak array of order ten
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Figure 3.  Image of D. plexippus hindwing taken with a Scanning Electron Microscope 
 

One study investigated the surface of Monarch butterfly wings and found asymmetric, 

triangular cavities present (Chebbi and Tavoularis 1990).  The primary interest of this work was 

to find an explanation for the difference in lift noticed by Nachtigall (1967) between butterflies 

with and without scales.  Chebbi and Tavoularis built a model with embedded cavities of this 

triangular shape and tested it in a towing tank filled with glycerol.  Studying the streamlines in 

the embedded cavities through flow visualization and laser Doppler velocimetry, the researchers 

did not feel the cavities would impact the surface drag sufficiently to explain the discrepancy.  

Common methods used to study low Reynolds number drag over plates include open 

channel oil tunnels and Couette flow tanks.  Open channel flows allow for the development of a 

boundary layer flows at the walls of the tunnel.  While this is convenient as it allows 

measurements to translate directly to the “real world”, oil tunnels must be large and contain 

many thousands of gallons of oil to be practical for this purpose.  Couette flow tanks use a 

rotating belt to generate a linear velocity over the test plate and can operate with a much smaller 

amount of oil compared to an oil tunnel.  Couette flow produces high amounts of drag and the 
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Reynolds number can be controlled during the experiment by directly varying the speed of the 

belt.  The development of the Couette flow facility at The University of Alabama and drag 

measurements for a plate with embedded cavities is documented in a thesis by Johnson (2009) 

and in publications by Lang and Johnson (2010) and by Johnson et al. (2010). 
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3.  HYPOTHESIS 

 Previous research has found the down stroke of a butterfly produces more lift than could 

be accounted for through conventional theory.  Further investigation identified the prolonged 

attachment of the LEV as a primary source of this large force. 

 One aspect relevant to butterfly flight that has heretofore been neglected is the interaction 

between the surface patterning found on the wing due to the placement of the scales and the flow 

very near the surface.  The lone study on the subject fails to investigate flows in more than one 

direction over the cavities.  

The goal of this study is to identify the geometry present on butterfly wings, construct 

models of this bioinspired geometry for use in a Couette flow facility, and measure the surface 

drag for flows in multiple directions.  The existence of a preferential flow direction is 

anticipated resulting from a decrease in drag for flows normal to the 2-D cavities and an 

increase for flow along the length of the cavities.  This expectation is based on the 

prediction of embedded vortices causes a roller-bearing effect for flow normal to the 

cavities, while flow along the cavities will not have these vortices and will encounter greater 

surface area. This work confirms this hypothesis and discusses the possible implications 

that may result to increase the aerodynamic efficiency of the butterfly during flapping 

flight.  Two possible major effects are (1) an alteration in the surface drag on the wing can 

potentially decrease skin friction drag while increasing both lift and thrust, and (2) an 
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advantageous alteration to the LEV formation process resulting in both greater lift and 

thrust production as well as decreased induced drag. 

 



! 10!

 

 
 
 

4.  THEORY 

4.1 Couette Flow 

 A Couette flow is defined as the flow between a fixed wall and a wall moving at a 

constant velocity.  The velocity profile between the two walls is linear for Reynolds numbers 

lower than about 300 (Aydin and Leutheusser 1979) and is defined as Re =Uh/! where h is the 

gap height or distance between the walls.  When considering the effect of patterning one of the 

surfaces with cavities, additional parameters used to describe the flow include non-dimensional 

gap height, " = h/d, where d is the cavity depth, a non-dimensional slip velocity # =us/U, and the 

non-dimensional effective slip length, $=Leff/h.  Figure 4 depicts the freestream velocity and slip 

velocity for flow perpendicular to the cavities and for flow along the length of the cavities. 

 

Figure 4.  Schematic of freestream and slip velocities for flow normal and tangent to  
embedded cavities 
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 The drag coefficient over a flat plate in Couette flow, CD, is given by Equation 1, where  

! = µU/h.    

 

The shear stress can be expressed in terms of the non-dimensional constants as shown for 

positive values of us in Lang and Johnson (2010),  

 

so Cd for a reduction in drag over the cavities can be written as 

 

or equivalently in terms of percent 

 

 Repeating Equations 2-4 for cases where the drag or average shear stress on the plate is 

increased due to surface patterning, negative values of the slip velocity, us, can result an 

equivalent analysis yields  

 

 

 

 

 

The results of this experiment will be expressed in terms of " and # as functions of Re. 

4.2 Experimental Model 

 The flow over the upper surface of the wings was modeled as a stagnation point flow 

along a wall, with the stagnation point occurring at the point the flow reattaches with the wing 

(line of attachment labeled in Figure 1).  For viscous flows, this results in a constant boundary 

! 
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layer height for flow in both directions from the stagnation point.  An exact solution to the 

Navier-Stokes equations for an incompressible viscous flow derived by Hiemenz results in 

Equation 8, from Currie (1993). 

 

Here U = Vy /(2*y) where Vy is the velocity approaching the stagnation point and y is some 

characteristic height above the plate.  For a butterfly taking off from rest, an approximation for 

this velocity can be made by observations of the flapping frequency, stroke angle from Weis-

Fogh (1973), and the span of one wing using Equation 9. 

        

! 
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#
t
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3%
4 rad
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0.1m
2

& 

' 
( 

) 

* 
+ $1.178 m /s 

The Blasius solution for a laminar boundary layer allows for the calculation of shear 

stress as a function of ! and Re.  With the addition of a constant-! condition the shear stress 

along the surface is only a function of the flow conditions (U, µ) and the height !.   

 

 

 

Now the shear stress due to a laminar boundary layer from Equation 11 can be equated to shear 

stress in a Couette flow with similar flow conditions to establish a relationship between h and !,  

 

Finally setting the Reynolds number for a real flow in one fluid equal to that of a Couette flow in 

a second fluid can enforce dynamic similarity, 
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 The results of Equation 8 and Equation 14 are plotted in Figure 5 showing ! as a function 

of V over a range of freestream velocities typical of butterfly flight.  Figure 5 considers air at 

standard conditions, "=1.225 kg/m3, µ=1.81*10-5 Ns/m2, and oil, "=857.9 kg/m3, µ=0.25 Ns/m2 

for the fluid in the Couette tank. 

 

 

 

 

 

!
Figure 5.  Non-dimensional gap height as a function of flight speed 
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5.  PART 1 

5.1 Experimental Method 

The initial phase of this work was to view the microgeometry present on butterfly wings 

for later modeling and testing in a Couette flow.  Exposure to the work on Monarch (Danaus 

plexippus) butterflies by Chebbi and Tavoularis (1990) led to an expectation of triangular 

cavities like those studied in their work, shown in Figure 6.  

To obtain accurate measurements of these cavities a cross sectional view of the butterfly 

wing was obtained while using magnified images of the wing surface to ensure that the cut was 

made perpendicular to the scales.   A ProScope HR™ digital microscope was used to capture 

images of the surface and wing cross sections with magnifications of 10x, 50x, 200x, and 400x.  

Cross section cuts were made on dead D. plexippus specimens with a thin razor blade in the 

direction of the scales to avoid disturbing the natural position of the scales.  Care was taken to 

choose cross sections that included different colored regions of the wing as well as sections from 

the fore- and hind-wing.   

The geometry of the cavities was then measured by counting the number of digital pixels 

from point to point in the cross section image.  An image of a calibration slide was captured at 

!
Figure 6.  Model of scales on D. plexippus by Chebbi and Tavoularis (1990) 

Downloaded 07 Dec 2007 to 130.160.60.180. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp
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the same magnification and used as a reference. Thus the size of the scales themselves as well as 

the distance between them was obtained. 

 To see whether the cavity geometry changes during flight, that is, to see if the scales 

move or shift in the presence of airflow, a simple experiment was conducted on live specimens.  

The microscope with a 200x lens was placed over a firmly mounted cross section sample of 

butterfly wing.  Then an industrial-type vacuum cleaner was turned on and the hose brought 

towards the wing, inducing flow over the scales with speeds up to 10 miles per hour. 

5.2 Results 

 Images of the wing surface at low power magnification show that the scales are arranged 

in rows evenly spaced apart.  Observations at multiple points along the wing reveal that the rows 

of scales are oriented in various directions.  Closer examination shows that the rows of cavities 

are perpendicular to the supportive veins on either side of them, shown in Figure 7.  

 

Figure 7.  Monarch butterfly wing showing scales and veins 

Cross sections of the butterfly wing clearly show the geometry of the cavities formed by 

the scales.  Measurements taken from several of these images result in a calculation of the aspect 

ratio of the cavities, AR=h:l, is nearly 2:1 and the acute angle between the scale and the wing 

surface is 45°.  Figure 8 is an example of a typical cross section. 
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Figure 8.  Cross section of D. plexippus wing 
 

When flow was induced over the scales using the vacuum hose, no change in scale angle 

was observed for flow in the “forward” direction.  The hose was then brought from the other side 

of the sample.  Again, the scales did not noticeably shift and when the flow was stopped the 

scales appeared to be in exactly the same position as they were initially.  This short experiment 

subjected the butterfly wing to airspeeds higher than those during flight and indicates that the 

cavities are rigid and fixed in shape. 

 

 

 

 

 

 

 

 

 



! 17!

 

 

6.  PART 2 

6.1 Experimental Method 

With the microgeometry of the surface patterning elucidated through measurements on 

butterfly specimens, models of the identified geometry were fabricated for testing in the Couette 

Flow Tank at The University of Alabama.  A brief description of this facility is presented here, 

with full documentation of its design and construction presented in Johnson (2009). 

6.1.1 Test Facility 

The tank itself is constructed of clear Plexiglas, with a total volume of approximately 150 

gallons. For the experiments conducted in this study, the tank contained approximately 100 

gallons of Crystal Plus Oil 500T, from STE Oil Company, Inc.  The Couette flow is produced 

between the rotating conveyor belt and the test plate suspended above it, as shown in Figure 9. 

!
Figure 9.  Schematic of Couette flow facility 
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The conveyor belt and motor are a commercially available package from Dorner MPB and are 

controlled by a Pacesetter Model 2997 adjustable speed drive.  The belt speed was calibrated to 

the settings on the dial of the speed controller using a stopwatch and marking a point on the belt.  

The speed was found by watching the mark pass by for approximately one minute then dividing 

the distance traveled by the time.  This process was followed for each setting on the dial and 

repeated once more to ensure accuracy.  Eight belt speeds were used, ranging from 0.0895 m/s to 

1.157 m/s. 

The model to be tested is suspended from a sled that slides along linear bearings in 

direction of the belt rotation.  The side of the model with the embedded geometry is placed 

facing downwards towards the upper surface of the belt.  To suspend the model from the sled, 

four long aluminum plates are firmly affixed to mounting points on the model and attached to the 

sled with setscrews in long vertical slots.  These vertical slots allow the distance between the 

model and the belt, defined as the gap height h, to vary from 0.25” (0.635 cm) to 0.9375” (2.38 

cm).  The gap height is set using four identical rectangular aluminum spacers sized for a given 

height, i.e. rods of 0.375” for ! = 1.  These spacers are placed at each of the four corners of the 

plate such that they rest on the roller and the belt guide.  If they rest on only one of the two, the 

spacer placed increased pressure on the unsupported belt between them and causes the belt to sag 

slightly.  

When the conveyor belt is turned on, it pulls fluid along the moving surface and into the 

gap below the test plate.  This fluid exerts a drag on the plate in the direction of the belt velocity.  

Because the plate is securely suspended via the four aluminum plates and setscrews it acts as a 

rigid body resisting this motion.  The only motion available to the sled is translational motion 

because of the linear bearings, and so the shear stress on the plate causes the sled to be pushed in 
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the direction of belt velocity.  The Dillon GTX digital force gauge is connected to the sled such 

that forces in the direction of belt velocity are registered as tensile forces.  The gauge has a 

maximum force input of 5 N with an accuracy of ±0.005 N and for these experiments recorded 

measurements at its maximum frequency of 10 Hz.  The Dillon Q-Graph 1.5 software was used 

to control the sampling frequency, logging duration, and to record the time history of force 

measurement.  This software displays the minimum, maximum, and average of the force 

measurements and includes the ability to send the data to Excel for storage or further study. 

The ability to measure at Re < 1 in this Couette facility is limited by the accuracy of the 

force gauge and by the use of linear bearings to transfer the load.  Because the sled does not slide 

appreciably along the rods during testing it is conceivable that some small dust or debris could 

impede the movement of the sled, reducing the drag measured by the gauge.  Such an 

impediment would be invisible to the researcher yet would greatly affect the results.  

6.1.2 Design of Experimental Model 

 The models used in this experiment were sized based on previous models tested in the 

estimated Reynolds number range of 5 < Re < 50.  The dimensions of the flat plate and square 

cavity model previously studied were 66 cm long by 30.5 cm wide (26 in. by 12 in.) with 

embedded cavities covering 1202 cm2 of the plate for the square cavity model.  The square 

cavities were cut directly into the Plexiglas plate using a milling machine to a depth of 0.953 cm 

(3/8 in) leaving a 1 mm (0.04 in) thick wall between the cavities. 

 Embedding the AR 2:1 cavities into a flat plate at right angles to the flow speed would 

accomplish the goal of testing flow over the cavities in the “forward” and “reverse” directions.  

The basic template from the square cavity model was modified due to anticipated difficulties in 

the milling process.  Small vibrations in the milling machine would be magnified by the greater 
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depth travelled while cutting out the angled cavities.  Instead of cutting the cavities out at an 

angle, the entire section to be covered with embedded cavities was bored down to the cavity 

depth of 0.953 cm.  Grooves 0.635 cm deep by 0.3175 cm wide at an angle of 45° were then cut 

across this rectangular area, spaced 1.906 cm apart in the lengthwise direction.  The grooves do 

not traverse the entire width of the milled-out section due machining constraints, instead they 

end 1.25 cm from the edges.  The walls of the cavities were machined out of 0.3175 cm (1/16 

in.) thick aluminum plate and the top edges beveled at 45°.  Once inserted into the grooves, the 

beveled edges of these cavity walls line up with the flat Plexiglas surrounding the cavities.  

Figures 10 and 11 show schematics of the embedded cavity model while Figure 12 shows cross 

section of the model superimposed over Figure 8.  

!

!

Figure 10.  Drawing of embedded cavity plate with dimensions 

!
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!
Figure 11.  Isometric view of embedded cavity model showing flow in “forward”  

and “reverse” direction 

!

!
Figure 12.  Cross section of D. plexippus with cross section of embedded  

cavity model superimposed 

To measure the drag due to flow along rows of cavities a finned plate was designed.  

Instead of boring the center area down to the depth of the cavities, the grooves for the cavity 

walls were simply cut into the surface of the plate.  These grooves were of the same depth and 

width as described above, but were cut down the length of the plate, and spaced 1.906 cm apart 

along the width, as shown in Figures 13 and 14.   
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Figure 13. Drawing of finned plate with dimensions 

 

 

Figure 14.  Isometric view of finned model with vector showing belt velocity 

6.1.3 Testing Procedure 

 Once the model is in place over the belt, data can be acquired by repeating several simple 

steps.  Spacers are inserted between the belt and plate to fix the gap height, and then the 

setscrews are tightened.  The force gauge is balanced such that the readout is 0 N and the speed 
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controller is then used to set the desired belt velocity.  After waiting a few seconds for the flow 

to become uniform, “run” is pressed on the Q-Graph program and 20 seconds of data are 

recorded.  This data is exported to Excel, the next belt speed is set, and the process is repeated.  

A list that contains the more minute steps in this process is included in the Appendix. 

6.1.4 Error Analysis 

 A cursory look into the parameters entering the measurements in this experiment reveals 

that of the terms in the governing equation, Equation 15, only the velocity and the belt height are 

set manually and thus prone to precision error.   

                     

! 

Cd =
µ
U
h
S

1
2"U 2S

 

The term in the numerator is the force measured by the digital gauge, and it is 

subject to a systematic error of ±0.005 N.  Conducting a sequential perturbation analysis of 

Equation (15) as shown in Figliola and Beasley (2006), the total uncertainty was calculated in 

Excel for the nominal case of ! = 1, U=0.5 m/s.  The precision of the force gauge had a 

negligible effect (<0.5%) on the result, leaving the gap height and belt velocities as the driving 

factors.  Figure 15 shows the uncertainty as a function of U and h where bands of constant color 

are contours of ±1% uncertainty.  While Figure 15 shows belt speed and gap height as roughly 

equal in their contribution to the overall error, in practice it is possible to maintain accuracies of 

±1% of U by carefully setting the speed controller.  This leaves variations in h as the main source 

of error in the experiment. 

            (15) 
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Figure 15.  Contours of 1% increments in uncertainty of Cd as a function of errors in h and U 
 

6.1.5 Error Mitigation 

 Several steps were taken throughout the data collection process to reduce the amount of 

error involved in the measurement of drag forces in the Couette facility.  Temperature 

measurements were taken before each day of testing to ensure there was no change in viscosity.  

When setting the gap height for a new measurement, the spacers were carefully placed so that the 

roller and the belt guide supported them.  In addition, pressure was applied downward on the 

plate so that it would rest fully on the spacer and not on a film of oil between the spacer and the 

plate.  This pressure had to be directed straight towards the floor; otherwise the plate would shift 

sideways and sit in a skewed position over the belt thus changing the area exposed to flow. 
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 When actually recording data the frame of the tank could not be touched, because simply 

leaning on the steel frame could cause the force gauge to read as much as ±0.05 N even when the 

belt is turned off.  Each setting on the speed controller was used twice for each gap height and 

then averaged to reduce the error for a given dial setting.   

After taking drag data for a given gap height, the setscrews were fully loosened and the 

height was reset even if the same gap height was to be used again.  This was done to decrease the 

error associated with the height, h, that might occur due to a slightly high or low height setting.    

6.2 Results 

The results of Part 1 of this work resulted in the measurement of butterfly scales and 

yielded information used to build a pair of representative models for testing.  Before these were 

tested, however, the Couette facility itself was calibrated with respect to the theoretical values for 

drag over a flat plate as described previously.  After calibration, drag data acquired over the new 

models was compared to the calibrated values for a flat plate, resulting in values for non-

dimensional slip velocity versus Reynolds number for different gap heights.  

6.2.1 Flat Plate Measurements 

 Following the procedure outlined in previous sections, the flat plate was installed over the 

belt and drag data was acquired at every speed setting that did not cause the force to exceed the 5 

N limit imposed by the gauge.  After taking data for each gap height, the process was repeated 

and the values from each set of data were averaged together.  The forces recorded for a given gap 

height and Reynolds number showed too much variation from one data set to the next.  To 

compensate for this, further sets of data were taken until the average did not change significantly, 

!average=O (0.01*previous average), with the addition of a new set. 
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 The average values for drag force were then non-dimensionalized by the area and 

dynamic pressure, as shown in Equation 16, and then compared to the theoretical value for the 

drag coefficient, Cd = 2/Reh. 

! 

Cd ,measured =
Fd ,measured
1
2
"U 2S

 

  The result is Figure 16 that shows all experimental data and includes a fitted power curve. 

 

Figure 16.  Experimental data for Cd vs. Re for Flat Plate Model 

The use of the curve fit on Figure 16 requires the assumption that, all else being equal, 

the only factor affecting the coefficient of drag is the Reynolds number.  Further investigation 

indicated that this is not the case.  If Cd vs. Re is plotted for each ! individually and that data is 

fit to individual power curves, the resulting curve fits are better as evidenced by the relatively 

higher value of R2, as shown in Figure 17 for !=1.  Table 1 shows the equations for the best-fit 

power curves and corresponding goodness of fit R2 values for each !. 
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Figure 17.  Measured Cd for ! = 1 fit to a power curve 

Because the Cd is proportional to the inverse of the Reynolds number the two curves in 

Figure 16 rapidly converge as Re increases, making it difficult to discern any difference between 

them.  Plotting these results on a logarithmic scale allows such a difference to be clearly seen, 

thus the data from Figure 16 are shown again in Figure 18 and for all future cases the 

relationship between Cd and Re will be graphed in the same fashion as Figure 18. 
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Figure 18.  Cd vs. Re for the flat plate on a logarithmic scale 

 The trend in Figure 18 seems to suggest there is a bias error present in the system that 

remains to be explained.  Even so, drag measured over the novel surface geometries can be 

compared to the experimental results from the flat plate with the assumption that the bias error is 

constant in time. 

 6.2.2 Drag Measurements over Embedded Cavity Model 

 The next model tested was the embedded cavity model with flow in the forward 

direction.  Because the tips of the cavity walls are flush with the surface of the plate, the process 

for setting the gap heights was the same for this model as it was for the flat plate.  This model 

was tested at all the same gap heights and speeds as the flat plate and several sets of data were 

combined to produce a stable average, shown in Figure 19.  
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Figure 19.  Cd vs. Re for cavity model with forward flow 

 To create Figure 19, an additional step had to be taken beyond non-dimensionalizing the 

force.  The Cd for a flat plate was used to generate an estimate of the drag force on the flat area 

surround the embedded cavities. This drag force was then subtracted from the measured value of 

drag for the whole plate, and the result was non-dimensionalized by the area of the embedded 

geometry and the dynamic pressure.  Thus the drag over the cavities is being compared to the 

drag over a flat plate.   

  Now that Cd values are available for the new geometry the next step is to calculate the 

partial slip velocity ! versus the Reynolds number, as given by Equation 4.  These values are 

plotted in Figure 20. 
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"#$%&'!()*!!! vs. Re for cavity model with forward flow!
 

The model was then turned around so that flow would move in the reverse direction over 

the cavities.  The process described above was repeated and the resulting graphs are shown in 

Figures 21 and 22. 

 

Figure 21.  log(Cd) vs. log(Re) for reverse flow over cavity model 
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Figure 22.  ! vs. Re plotted for cavity model with reverse flow   
!

6.2.3 Drag Measurements over Finned Model 

 After the data was acquired for the embedded cavity model, the final plate was installed 

in the tunnel.  This plate is different from the previous two in that the gap height is referenced to 

the flat Plexiglas surface and thus measurements were taken for " = 1.667, 2, 2.333, 2.5, 3, 3.5.  

While it may seem counterintuitive to measure the height from the bottom of the cavities, these 

measurements will reflect the added resistance to flow due to the additional surface area and 

blockage effects from the fins.  After testing this model through the range of Re and " and 

averaging the data, the data was plotted and is shown in Figures 23 and 24. 
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Figure 23. Cd vs. Re on logarithmic scale for flow over finned plate 

 

Figure 24.  ! vs. Re plotted for the finned model   
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7.  DISCUSSION 

 The chief motive of this study was to determine the drag reduction capability of a surface 

geometry inspired by the scales on a butterfly.  The cross section images of D. plexippus wings 

show that the scales appear to create a series embedded cavities long the surface.  That the scales 

do not move under the influence of air flowing above them suggests that geometry present is 

inflexible enough to be modeled as a rigid patterned surface.  From exposure to Scholle et al. 

(2006) and Chebbi and Tavoularis (1990), the expectation of embedded vortices in these cavities 

led to the hypothesis that this patterning will reduce the surface drag.  Flow moving along the 

cavities however will not form these vortices; rather the surface will experience higher drag due 

to the increase in wetted area. 

Models designed to replicate the geometry present on the butterfly wing were built and 

tested in a Couette facility. The results for flow along the cavities and for flow normal to the 

cavities from both direction have been quantified in terms of Cd and ! for each case individually, 

and will be recapitulated and then expounded upon here.  Table 2 contains the coefficients, 

exponents, and R2 values from the Cd vs. Re plots, Figures 17-18, 20, and 22. 

Table 2.  Best-fit equations from Cd vs. Re experimental data 

Model Coefficient Exponent R2 

Flat plate 2.379 -1.024 0.9989 

Cavity, forward 1.585 -1.004 0.9985 

Cavity, reverse 1.599 -0.992 0.9920 

Finned 5.808 -1.116 0.9946 
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The flat plate curve is not precisely equal to the theoretical value for Couette flow drag, Cd=2/Re, 

and there is no other factor, such as !, overtly affecting the drag aside from the Reynolds 

number.  Thus the variance between the measured values for drag over the flat plate model and 

the corresponding theoretical values can be safely attributed to a bias error that is directly 

correlated with Re.  This error is likely attributable to some small constant variance in the actual 

height of the plate from the prescribed height, such as a slight manufacturing defect in a belt 

guide.  The correction factor proposed in Equation 17 can be used to convert a given Cd reading 

from the Couette facility to the actual Cd experienced by the test article.   

                

 This correction factor brings the overall trend in line with the theoretical values but does 

not address the scatter within the data.  The uncertainty in the raw data was calculated using a 

Student-t Distribution with 95% confidence interval in conjunction with the standard deviation of 

the means as shown in Figliola and Beasley (2006).  This results in an estimate of the true value 

of Cd within some interval about the calculated mean for each combination of gap height and belt 

speed.  Figure 25 shows these values as a function of the Reynolds number with separate curves 

for each !.  Figure 25 shows a decrease in uncertainty as Reynolds number increases, with most 

values at or below ±5%. 

The best-fit equations in Table 2 can now be modified using Equation 17 to give the 

correct relationship between Cd and Re for the models tested.  These curves are plotted in Figure 

26 for the range 1 < Re < 75, and the new best fit equations (not shown) are recorded in Table 3. 

! 

Cd , actual = Cd ,measured +
2
Re
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2.37940
Re1.02416
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Figure 25.  Uncertainty as a function of Reynolds number for each gap height 

 

Figure 26.  Cd vs. Re for models plus correction factor with 95% confidence interval 

0!

1!

2!

3!

4!

5!

6!

7!

0! 20! 40! 60! 80! 100!

U
nc

er
ta

in
ty

 (±
 %

)!

Re!

 Beta = 0.667!
Beta = 1!
Beta = 1.33!
Beta = 1.5!
Beta = 2!
Beta = 2.5!

0.01!

0.1!

1!

5! 50!

lo
g(

C
d)
!

log(Re)!

Cavity Model, Forward!

Cavity Model, Reverse!

Finned Model!

Theoretical Cd!



! 36!

Table 3. Cd equations for models plus correction factor 

 

 Equation 4 was used in conjunction with Table 3 to calculate average values of non-

dimensional slip velocity for each model.  The result is plotted in Figure 27. 

 

Figure 27. ! vs. Re for all three surface geometries 

The curves in Figure 27 do not match exactly with the data in Figures 20, 22, and 24 because 

Figure 27 relies on the Cd vs. Re curve fit, which yields an average sense of the data trend, and 

Figures 20, 22, and 24 are derived directly from uncorrected raw data.  Figure 28 illustrates this 

point by plotting the data from Figure 20 on the same axes as the corresponding curve in Figure 
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27.  Before the data was plotted, Equation 17 was applied to the Cd used in Figure 20, thus the 

plot is of corrected data alongside a corrected curve fit. 

 

Figure 28.  ! vs. Re for cavity plate, forward direction 

 The spread in the data shown in Figure 28 is due to the use of a pair of approximations, 

the first being the curve fit of the Cd vs. Re for the model itself and the other is the correction 

factor.  Both of these approximations are close to their exact value, as evidenced by goodness of 

fit values above 99.8%, but when taken together and applied to find a percent difference slight 

variations become apparent. 

 The final metric by which these models are evaluated is the non-dimensional effective 

slip length, !=Leff/h, that indicates the average y = 0 height or yeff.  The sign of ! is always 

positive because its terms cannot be negative, but there are separate formulations for ! that 

depend on whether the drag is increased, when yeff is located above the surface (bottom wall of 
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fins), or decreased, when yeff is below the surface (top of cavities).  In other words, for the 

embedded cavity case a Couette flow forming in a channel with height h(1+!) gives equivalent 

drag.  However, for the finned plate a Couette flow forming in a gap of height h(1-!) gives 

equivalent drag.  Equations 3 and 6 relate Re and Cd to the slip length, and while it may be 

helpful to know whether the drag has increased or decreased, an incorrect choice between these 

two equations will simply yield a negative result, thus indicating which equation is appropriate.  

Solving Equation 3 for both cases of the embedded cavity model and Equation 6 for the finned 

model produces the curves plotted in Figure 29. 

 

Figure 29.  ! vs. Re for the three experimental models 

 Considering the results thus far, particularly those shown in Figures 26 and 27, it would 
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this location the drag on the wing would be reduced, and due to the angle at which the wing is 

held during a downstroke, this reduction will also result in greater lift and thrust, as shown in 

Figure 30, where the red arrow represents a smaller amount of drag in the opposite direction of 

lift and thrust. 

 

Figure 30.  Schematic of surface drag on butterfly wing. 

 

Towards the front edge of the wing underneath the leading edge vortex, the scales are 

oriented parallel to the local flow.  This case would correspond to the finned model, and the 

increased drag in this location is also advantageous because here drag has components in the lift 

and thrust directions, as shown by the green arrow in Figure 29.  The increased drag may have a 

retarding effect on the LEV itself, causing it to develop more gradually and in a more controlled 

manner and at the same time decreasing the amount of energy lost to induced drag since any 

shed trailing tip vortices will be correspondingly weaker. 

 Preliminary results from a computational fluid dynamics (CFD) study by Palmore et al. 

(2011) seem to support this latter proposition, with results that show the strength of a LEV over a 
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flapping plate with and again without a slip condition.  The plate with the no-slip condition had a 

significantly weaker LEV than did the plate with a free-slip condition along its surface. 
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8.  CONCLUSIONS 

 The single goal of this work was to determine the extent to which the microgeometry 

present on the wings of D. plexippus affects the surface drag during flapping flight, with a 

particular focus on the downstroke which corresponds to the formation of the lift-generating 

leading edge vortex.  Two phases of research were needed to accomplish this goal. 

8.1 Microgeometry Characterization 

 Observations and measurements of the surface geometry of the wings of D. plexippus 

revealed the presence of rows of scales, approximately 100 microns in length, perpendicular to 

local wing structures or veins.   Cross section samples of the wing were imaged using a digital 

microscope and revealed an embedded cavity geometry with depth to length ratio of 2:1 and 

cavity walls placed at an angle of 45 degrees.  The cross section samples were subjected to a 

stream of air and no change was observed in the angle of the scales.  This confirmed that the 

pattern formed by the scales is rigid to the flow. 

8.2 Model Design and Drag Measurements 

 By modeling the flow over the upper surface of the wing as a stagnation point flow and 

using approximations for airspeed based on flapping frequency and wing size, the boundary layer 

height was calculated.  Using the Blasius solution for a boundary layer, the boundary layer 

height was correlated with the gap height for a Couette flow in the same fluid and for the same 

freestream velocity.  The gap height for flow in the Couette Flow Facility was found by 

enforcing similarity of the Reynolds number between the freestream conditions for the butterfly 

and the test conditions in the oil tank.  The range of non-dimensional gap heights to test was 
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found by holding the belt speed constant and plotting the relationship between airspeed and gap 

height.  Using estimates for a butterfly in takeoff the range was 1 < ! < 4 for a cavity depth of 

0.953 cm (3/8”) which is the same depth as previously tested models. 

 The scales on the wing were modeled as embedded cavities for flow normal to the rows 

and as a finned plate for flow along the rows.  This allowed for three test cases, with flow from 

either end of the embedded cavity plate and flow along the finned model.  The drag for these 

cases was measured in the Couette tank using six values of ! and every velocity setting within 

the constraints of the force gauge.  The measurements were repeated such that their average 

reached a stable value, and the recorded drag forces were reported in terms of Cd, ", and # as 

functions of the Reynolds number.  The drag increased for flow parallel to the cavities by 50%, 

and decreased for flow normal to the cavities by 35% (forward flow) and 30% (reverse flow).  

This reduction is attributed to the embedded vortices, “roller-bearing effect”, and the increase for 

the finned plate is due to an increase in surface area. 

 A comparison of the drag over a flat plate model to the theoretical value of drag in a 

Couette flow revealed a bias error in the measurement.  The recorded drag for the three test cases 

was corrected using the equation derived from the flat plate measurement and thus the drag 

reported can be compared to drag measurements from other facilities.  With this correction the 

total uncertainty in the data is on the order of ±5% of the resulting coefficient of drag. 

8.3 Implications 

 Because this model of the surface patterning, inspired by butterfly scales, has shown an 

increase in the drag for flow in one direction and a decrease in the drag for flow transversely, it 

can be treated as a surface with a preferential flow direction.  For the flow over a butterfly wing, 

this means that the wing area forward of the attachment point experiences higher levels of 
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surface drag which translate to increased lift and thrust due to the angle of the wing relative to 

the motion of the butterfly.  Behind the attachment point, the wing experiences less surface drag 

which would otherwise decrease the lift and thrust. Another possible implication is that the 

strength of the leading edge vortex may also be controlled.  Additional skin friction of the vortex 

flow interacting with the top wing surface may decrease the strength of this vortex; this would 

correspondingly affect the strength of the connected trailing edge vortices and lead to a reduction 

in induced drag.   

 This has clear relevance to the study of flapping-wing MAVs, but the potential for a 

surface with preferential flow direction to be applied to fixed-wing MAVs exists as well.  For 

fixed-wing aircraft of such small size, a gust load can cause the separation region over the 

leading edge of the wing to grow and eventually never reattach to the surface resulting in a 

massive loss of lift.  If there was a partial slip condition along the wing in the reattachment 

region it could reduce the effects of a gust. 

8.4 Future Work 

 That embedded cavities cause a reduction in drag was hypothesized and confirmed, and 

the magnitude of the reduction found in this study close to that predicted for rectangular cavity 

surfaces at the Stokes limit (Wang 1994).  The drag increase for the finned plate also approaches 

the value calculated by Wang (1994).  These correlations are shown in the figures included in the 

Appendix.  Further verification of the embedded cavity drag measurements is possible using a 2-

dimensional model in CFD, and these effects need to be further studied through corresponding 

computational work.    

 Modifications of the embedded cavity geometry to include flow incidence angles 

between normal and parallel may provide more insight into the drag over a butterfly wing.  
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Embedded geometry models of other angles, such as rows of scales that are at an angle 45° 

relative to the belt velocity, would require the building of additional models as well as 3-

dimensional CFD simulations.   
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10. APPENDIX 

 Sequence of steps to use when taking drag measurements in the Couette flow facility: 

1 Record tank temperature 

2 Release sled from force gauge 

3 Loosen set-screws 

4 Insert aluminum spacers 

5 Tighten set-screws and remove spacers 

6 Attach sled to force gauge 

7 Turn on force gauge and speed controller 

8 Briefly run belt, set to zero and balance gauge 

9 Set desired belt speed with speed controller 

10 Wait for system to achieve steady state (10 s) 

11 Click “run” in Q-Graph software 

12 Wait 20 seconds to acquire data 

13 Export data to Excel 

14 Set belt speed to zero, balance gauge 

15 Repeat for desired speeds (step 8) or belt heights (step 2) 
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       The figures below from Wang (1994) predict Stoke’s limit drag for rectangular cavities with 

flow transverse to the cavities or flow along the cavities.  While the geometry in question for this 

study was not rectangular, the values a = 0.5, b = 0.5 show drag decrease for embedded flow of 

approximately 40%, comparable to the results shown in Figure 27.   

 

 Similarly a drag increase of approximately 80% is shown on the figure below which is 

also comparable to the value for flow along the rows of cavities as shown in Figure 27. 

 


