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S1 The flow solution method and evaluation of aerodynamic forces and moments
The flow equations (the Navier-Stokes equations) and the solution method used in the
present study are the same as those described in Sun and Tang' and Sun and Xiong?. Once
the flow equations are numerically solved, the fluid velocity components and pressure at
discretized grid points for each time step are available. The aerodynamic forces and
moments acting on the wing (or the body) are calculated from the pressure and the viscous

stress on the wing (or the body) surface. Resolving resultant aerodynamic force of the wing

into the z- and x-axes, we obtain the vertical (- z,,, ) and the horizontal ( x;,, ) forces of the

wing, respectively. Let m;h » be the moment about the y1-axis (which passes the wing root).

The pitching moment about the center of mass of the insect due to the aerodynamic force

of the wing (m;, ) can be calculated as (see Ref. 3):

+
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S2 Code validation and grid resolution test

The flow equations were solved over moving overset grids because there are relative
movements between the left and right wings and between the body and wing. There was a
body-fitted curvilinear grid for each of the wings and the body and a background Cartesian
grid which extends to the far-field boundary of the domain (Fig. S1). In the calculation
process, the wing grid was regenerated in every time step because of the spanwise-twist
deformation. The code was tested in Wu and Sun* using experimental data on a revolving

model bumblebee wing and recently in Cheng and Sun® using measured aerodynamic



forces on a flapping model fruit fly wing. The measured and computed results were in good
agreement.

Before proceeding to compute the flows, grid resolution tests were conducted to
ensure that the flow calculation was grid independent. In the tests, the wing kinematics at
the highest flight speed (8.6 m/s) was taken and three grid systems were considered. For
grid system 1, the wing grid had dimensions 41 x 61 x 45 in the normal direction, around
the wing, and in the spanwise direction, respectively (first layer grid thickness was
0.0015¢); the body grid had dimensions 41 x 81 x 45 along the body, in the azimuthal
direction and in the normal direction, respectively; the background grid had dimensions 88
x 79 x 79 in the X, y and z directions, respectively. For grid system 2, the corresponding
grid dimensions were 61 x 91 x 69, 61 x 121 x 67 and 130 x 117 x 117 (0.001¢). For grid
system 3, the corresponding grid dimensions were 91 x 135 x 101, 91 x 181 x 99 and 193
x 173 x 173 (0.00067¢). For all three grid systems, the outer boundary of the background
grid was 30c¢ from the wing root in y and z direction, and 60c in x direction as extended in
the downstream field; the grid points of the background grid concentrated in the near field
of the wings where its grid density was approximately the same as that of the outer part of
the body grid. The non-dimensional aerodynamic forces computed by three grid systems are
shown in Fig. S2. As oberserved from Fig. S2, the first grid refinement produces small
difference in aerodynamic forces and the second grid refinement produces almost no
difference. Calculations were also conducted using a larger computational domain by
adding more grid points to the outside of the background grid of grid system 3 (the outer
boundary was increased to 50c¢ in y and z direction, 80c in x direction). The calculated
results showed that there was no need to put the outer boundary further than that of grid
system 3. The non-dimensional time step was 0.02 (non-dimensionalized by c¢/U). The
effect of time step value was studied and it was found that a numerical solution effectively
independent of the time step was achieved if the time step value was 0.02. From the above
discussion, it was concluded that grid system 3 and time step 0.02 were appropriate for the

calculation.
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Figure S1. Model insect and portions of computatioﬁal grids.
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Figure S2. Time courses of non-dimensional aerodynamic forces in a flapping cycle calculated by
three grid systems.
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