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Wing deformations are shown
during the early part of the
downstroke (left) and the
middle of the upstroke (right).
During the downstroke the wing
is cambered, whereas during
the upstroke the wing is twisted
with significantly larger out-of-
plane deformation.

Wing kinematics are defined by the 
flap (𝜙) and geometric pitch (𝜓) 
angles. The flap angle is calculated 
based on the locations of the wing 
tip and base, while the pitch angle 
is calculated by determining the 
angle between a least squares 
plane fit to all the wing points and 
the stroke plane.

The figures on the right show wing 
kinematics for two different flights, 
differentiated by color. The flap 
angle follows a sinusoidal function, 
where the downstroke is longer 
than the upstroke, where the pitch 
angle remains constant during the 
up-/downstroke and changes 
rapidly around stroke reversal.
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The flap and pitch angle throughout the wingstroke are 
modeled using a normalized time variable and a cosine 
function for the flap angle and the combination of a hyperbolic 
tangent and cosine function for the pitch angle. The use of the 
hyperbolic tangent function allows us to capture the shape of 
the pitch angle data much more accurately than a normal 
trigonementric function.

The normalized time variable allows us to account for the 
longer downstroke and shorter upstroke. 𝜏𝐷 indicates the 
fraction of a wingstroke that is downstroke and 𝜏𝑈 indicates 
the fraction of the wingstroke that is upstroke

The wing surfaces used to generate body fitted O-O meshes for 
the wings are generated based on laser scans of wings taken off 
of dragonflies used during our experiments.  Cartesian meshes 
were generated for the background flow.

At the beginning of the 
simulation a reference 
Cartesian mesh is 
generated in the wing 
coordinate system.

At each time step the location of 
the deformed surface is calculated 
for every point in the reference 
mesh, resulting in a stretched and 
deformed mesh.

The deformed reference 
mesh is then unwrapped, 
starting at the approximate 
center of the wing, 
resulting in a 2D mesh.

The wing mesh is then placed on this mesh 
and the closest reference point is found for 
each mesh point.

Using 2D linear interpolation the 
deformed location of each wing mesh 
point is calculated based on the known 
deformed locations of the reference 
mesh. This method gives accurate 
deformations with minimal change in 
wing surface area (<1%).

After the wing surface is 
properly deformed the 
deformation is 
propagated out into the 
mesh.
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Comparing the simulations of an isolated fore- (solid lines on force 
plots) and hindwing (dashed lines on force plots) with a simulation of a 
tandem fore- and hindwing using the same kinematics allows us to 
determine how the operation of each wing is affected by the close 
proximity of the other. During the downstroke the forewing experiences 
a slight increase in forces; this results from the upwash generated by the 
hindwing during its downstroke. During the upstroke of the forewing the 
opposite effect is seen.

Below are flow solutions for the tandem and isolated hindwings with 
isosurfaces of Q criterion in red and pressure coefficient contours on the 
wing surfaces. The hindwing is operating in the wake of the forewing, so 
during the hindwing downstroke (seen at 𝜏=0.08) the hindwing is 
passing through the +w velocity produced by the forewing during its 
upstroke. During the hindwing upstroke (seen at 𝜏=0.58) it passes 
through the wake from the forewing downstroke, which has –w velocity 
and a large tip vortex that interacts with the leading edge vortex 
forming on the underside of the hindwing. In both cases this interaction 
results in increase force production.

Simulations of isolated wings give us a better understanding of the flow 
features that result from dragonfly wing kinematics and provide a 
baseline for comparisons to tandem simulations. Flowfields are shown 
for the forewing with isosurfaces of Q criterion in red and pressure 
coefficient contours on the wing surfaces. During the downstroke, for 
both the fore- and hindwing, there is a large leading edge vortex 
formed over the top surface of the wing (seen at 𝜏=0.25) which, 
combined with the high pressure on the underside of the wing, results 
in a large total force on the wing. During the upstroke, a smaller leading 
edge vortex is formed (seen at 𝜏=0.79) on the underside of the wing.

Since the pressure forces are always normal to the wing surface, the 
wing orientation determines how the total force is distributed between 
lift and thrust. During the downstroke the wing is at a slight negative 
angle relative to the incoming flow. As a result the resulting force is 
primarily lift and only a small portion thrust. During the upstroke the 
wing is oriented closer to vertical, meaning that most of the force 
becomes force and a smaller portion is negative lift.

Force coefficients for rigid and deforming isolated forewings, 
and rigid and deforming tandem wings (hindwings are dashed 
lines) are shown on the left. The deforming forewing produces 
more force during the downstroke than the rigid forewing. This 
is due to the camber of the wing during the downstroke. During 
the upstroke the deforming forewing produces less force, 
resulting in less thrust and less negative lift. 

This difference, in forces produced by the forewing affects the 
forces on the hindwing in tandem flight. Because of the larger 
force during the downstroke, the deforming forewing tip vortex 
is split into two distinct vortices parallel to the flow. This means 
that the interaction that causes a spike in forces for the rigid 
tandem hindwing during its upstroke is diminished. Similarly, 
since the deforming forewing upstroke produces less force than 
the rigid wing, the +w velocity in its wake is reduced, resulting 
in reduced force produced by the deforming tandem hindwing.

Flow features of rigid and
deforming forewings at 𝜏=0.21
and 𝜏=0.79show some of the
significant differences between the
rigid and deforming wings.
Isosurfaces of Q criterion are shown
in red and a pressure coefficient
contour is shown on the wing
surface.

During the downstroke (𝜏=0.21)
the leading edge vortex has a
similar extent in both the rigid and
deforming cases, but the high
pressure region on the underside of
the wing is larger on the deforming
wing. During the upstroke ( 𝜏=
0.79) there is no leading edge
vortex on the underside of the
wing. This indicates that the twist
of the wing is reducing the flow
separation, thereby reducing the
low pressure region on the
underside of the wing.
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