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I. SUPPORTING RESULTS

A. Detailed analysis of flight measures

In the following figures 1–3 we provide the time evolution of the lift force, aerodynamic power and pitch
moment, for each independent wingbeat in the turbulent cases with Tu = 0.17...0.99 (Nw = 16...108). For
comparison, the corresponding evolution in the laminar case is also shown, as well as the average profiles
over all turbulent realizations for a given Tu. The latter two curves overlap significantly, illustrating that
the ensemble-averaged wing force/moment/power is almost the same as in the laminar case for all times
t/T , and not only its integral value.

B. Generalization of results: Supporting results for a different insect model

The results presented in the main text were obtained using the model bumblebee described below. How-
ever the results are expected to be generalizable to a wider range of flapping insects in a similar Reynolds
number regime. The typical leading edge vortex has been observed even in bird flight, however our results
are likely not applicable for very large flyers that might partially glide. For the smallest insects, the effect
of ambient turbulence may be reduced to a quasi-steady large-scale perturbation.

To further support our results, we consider an additional insect model. It geometry is based on a fruitfly
[10], the wingbeat kinematics is adapted from [7], where hovering flight was considered. The positional,
feathering and elevation angle of the wing is visualized in figure 4 (right). Since [7] considered hovering
flight, we increased the body pitch angle by β = −15◦ and the stroke plane angle by η = −45◦, as visualized
in figure 4 (left). The body is thus more horizontal and the stroke plane is inclined with respect to the
horizontal plane. The Reynolds number is set to Re = 1296, which is thus 10 times as high as for a fruitfly.
We therefore refer to this model as a model housefly.

The model housefly is, unlike the model bumbblebee, not designed to mimic a real animal. Its purpose
is rather to illustrate that the stability of the leading edge vortex in turbulent inflow is a generic feature,
and not limited to the bumblebee. For this reason, we give all quantities in this subsection in dimensionless
units, using R, f and %f as normalization.

Except the insect model, the free-stream velocity u∞ = 1.2 and the viscosity ν = 1.16 · 10−3, the setup
is unaltered. The same resolution and time stepping is used, and likewise a series of runs with different
turbulent inflow fields with the same statistical properties is performed. We fix the turbulence intensity to
Tu = 0.44 (with Λ = 0.771, λ = 0.220, `η = 0.011, Reλ = 100, NR = 9, Nw = 36).

As for the bumblebee in the main text, we first visualize the model in laminar inflow. Visual inspection
of the ‖ω‖ = 100 isosurface in figure 5 reveals features similar to the bumblebee: a pronounced leading
edge vortex is visible, connected to larger wingtip vortices. Owing to the reduced Reynolds number, the
flow field presents less small scales then in the case of the bumblebee (see Movie S1).

To limit computational efforts, we study only one turbulence intensity for this model. Table I summarizes
the results obtained in laminar and turbulent inflow.
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Figure 1. Lift force (normalized by weight force) as a function of wing beat fraction time t/T , for different values of
Tu = {0.17, 0.33, 0.63, 0.99}. Thin colored lines represent individual realizations for the given turbulence intensity.
The average over all turbulent realizations for the given Tu is represented by the thick black dashed line and the
laminar case by the thick black continuous line. The averaged turbulent and laminar curves virtually coincide.

Tu Forward force
Fh

Vertical force
Fv

Aerodynamic
power Paero

Moment Mx

(roll)
Moment My

(pitch)
Moment Mz

(yaw)

0 −0.94 4.99 19.15 0.00 −0.69 0.00

0.44 −1.05±0.09 ± 0.26 5.00±0.15 ± 0.46 19.18±0.31 ± 0.96 −0.01±0.05 ± 0.16 −0.70±0.04 ± 0.13 −0.04±0.07 ± 0.22

Table I. Model housefly. Aerodynamic forces, power and moments obtained in the numerical experiments. All
quantities are dimensionless (using R, f, %∞ as reference values). Values are given by mean value x, 95% confidence
interval δ95 and standard deviation σ in the form x±δ95±σ. Results were obtained by performingNR = 9 simulations,
yielding Nw = 36 statistically independent wingbeats.
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Figure 2. Aerodynamic power [W / kg body mass] as a function of wing beat fraction time t/T , for different values of
Tu = {0.17, 0.33, 0.63, 0.99}. Thin colored lines represent individual realizations for the given turbulence intensity.
The average over all turbulent realizations for the given Tu is represented by the thick black dashed line and the
laminar case by the thick black continuous line. The averaged turbulent and laminar curves virtually coincide.

The conclusions from these simulations are similar to those drawn from the bumblebee. The average
forces are not significantly different compared to the laminar case, and thus the underlying aerodynamic
mechanisms are robust with respect to turbulent perturbations. Finally, we visualize in figure 6 the instan-
taneous lift force and aerodynamic power. Visibily, as in figures 1–3, the ensemble-averaged time series is
in good agreement with the laminar curve.

II. MATERIALS AND METHODS

A. Model bumblebee

The parameters of the bumblebee model were derived from [4], case BB01. The animal’s body mass,
m, is approximately 175 mg and the wing length, R, amounts to 13.2 mm. We assumed the insect to be
composed of linked rigid bodies and modeled the insect’s body shape by sweeping an elliptical section of
variable size along a curvilinear centerline. Compared to other insects, bumblebees have relatively thick
legs that potentially create non-negligible aerodynamic effects. We thus included all legs, the proboscis and
the antennae in our model as circular cylindrical sections joined by spheres, and further assumed bilateral
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Figure 3. Pitch moment (normalized by weight force times wing length) as a function of wing beat fraction time
t/T , for different values of Tu = {0.17, 0.33, 0.63, 0.99}. Thin colored lines represent individual realizations for the
given turbulence intensity. The average over all turbulent realizations for the given Tu is represented by the thick
black dashed line and the laminar case by the thick black continuous line. The averaged turbulent and laminar
curves virtually coincide.
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Figure 4. Morphology for the model housefly. Left: visualization of the wingbeat. Right: wingbeat kinematics as a
function of t/T .
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Figure 5. Flow field generated by the model housefly under laminar inflow condition. Shown is the ‖ω‖ = 100
isosurface of vorticity magnitude.
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Figure 6. Model housefly. Instantaneous lift force (left) and aerodynamic power (right), both in dimensionless units
(using R, f, %∞ as reference values). The averaged curve (thick black dashed line) and the one of the laminar case
(thick black continuous line) almost overlap.
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symmetry of the insect. Fig. 7A-B show side and top views of the modeled animal with all linear dimensions
normalized to wing length. We numerically computed the inertia tensor, I

=
, of the bumblebee neglecting the

wings and assuming uniform body density of %b = m/V = 362 kg/m3, where V = 0.48 cm3, from equation

I
=

= %b

ˆ
V

(
(r · r)E

=
− r ⊗ r

)
dV

=

 0.183 0 0.1307

0 0.400 0

0.1307 0 0.339

 .

Diagonalizing the inertia tensor yields the principal moments of inertia I11 = 0.1092, I22 = 0.3998 and
I33 = 0.4136, all in units of 10−8 kgm2. The data show that moment of inertia about the roll axis (x-axis)
is approximately four times smaller than about the yaw and pitch axes, which is in agreement with [13] and
[3].

The wing contour was digitized from [1] and the area scaled to 48.37mm2 of a single wing and c = 3.66

mm mean wing chord (Fig. 7E). Following [16], we modeled wing kinematics from sinusoidal changes in
position angle φ (t/T ) = φ+Φ sin (2πt/T ) with mean φ = 24◦ and an amplitude Φ = 115◦, using a constant
elevation angle θ = 12.55◦ with respect to the stroke plane, and assuming a constant feathering angle α
of 70◦ during the upstroke and −40◦ during the downstroke. At the ventral and dorsal stroke reversal, α
changed sinusoidally over a duration of 0.22 cycle durations. The wingbeat kinematics are visualized in
Fig. 7D. The inclination angle, η, of the stroke plane against the longitudinal body axis is 37.5◦, and the
body pitch angle, β is 24.5◦ with respect to the horizontal plane (Fig. 7C). We modeled the simplified
kinematics at an intermediate flight speed of 2.5m/s and a wingbeat frequency f of 152 Hz according to
values previously measured in freely flying bumblebees [4, 16]. The modeled wings flapped at mean wing
tip velocity of U = 2ΦRf = 8.75m/s and a Reynolds number of 2042 based on U , c and the kinematic
viscosity of air at 300K, ν = 1.57 · 10−5 m2/s. The fluid density is %f = 1.177 kg/m3.

B. Numerical method

The challenge when simulating insects in turbulence is to accurately resolve a multitude of temporal and
spatial scales while taking into account the insect as a complex, time-dependent geometry. To this end, the
volume penalization method [2] is employed. Thus we solve the incompressible Navier-Stokes equations,

∂tu+ ω × u = −∇p+
1

Re
∇2u− χ

Cη
(u− us) (1)

∇ · u = 0, (2)

written in dimensionless form. The penalization term −χ/Cη (u− us) has been added to enforce the no-
slip boundary condition u = us in the solid. The geometry is encoded in the indicator function χ, which
vanishes in the fluid and equals unity in the solid. The penalization parameter is Cη = 2.5 · 10−4. Since
the geometry changes in time, we use a smooth χ-function that is resampled on the Eulerian fluid grid in
every time step [6]. Equations (1-2) are solved on an equidistant uniform Cartesian grid of 1152×768×768

points, using a Fourier pseudospectral discretization [6, 9]. This method is particularly well adapted for
turbulence simulations, because of vanishing numerical diffusion and dispersion. The implementation uses
highly efficient computational FFT libraries [12], suitable for massively parallel supercomputers. Results
presented here are obtained using up to 32768 computing threads on a Blue Gene-Q machine located at
IDRIS, Orsay, France. Details about the numerical method and our code for flapping insect flight can be
found in [5].
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Figure 7. Bumblebee model. (A-B) side and top view of the bumblebee body with the definitions of the body point
of reference and the wing pivot points. The body is obtained by sweeping an elliptical section along an arc (black
dashed line). The wings rotate around the pivot points (red stars) within the stroke plane, which is inclined by
η = 37.5◦ with respect to the body normal. The entire body is inclined by β = 24.5◦ with respect to the horizontal
plane (C). The two wings follow the symmetric motion protocol illustrated in D. The wing geometry is shown in E,
where the distance pivot point - wing tip is normalized to unity. Wing angles are defined in F.



8

C. Inflow turbulence

Insects successfully fly in turbulent environments [11, 13, 15]. Since the properties of these aerial per-
turbations depend on a large number of parameters, we model them by homogeneous isotropic turbulence
(HIT). This is a reasonable assumption for the small turbulent scales relevant to insects. The turbulence
fields, ũ′, were pre-computed in a periodic computational domain of size (2π)

3, and we denote quantities
from the HIT simulation with the tilde overset. In such a turbulence simulation, we initialized the velocity
field at time t̃ = 0 as a random velocity field with given energy spectrum [14]. This velocity field evolved
according to the incompressible Navier-Stokes equations, with the energy dissipation compensated by a
forcing term [8] that continuously fed energy into the largest fluid scales, i.e., the lowest wavenumbers.
After reaching the statistically steady state, independent of the initial condition, we periodically saved
snapshots of the velocity field ũ′ (x, y, z).

Different turbulence intensities were computed by modifying the turbulent Reynolds number Rλ = Ũ λ̃/ν̃,

where λ̃ is the Taylor-micro scale, defined as λ̃ =
(

15ν̃Ũ2/ε̃
)1/2

, Ũ the RMS velocity, ε̃ the dissipation rate,
and ν̃ the dimensionless kinematic viscosity in the HIT simulation. For each value of Rλ, one computation
was performed and several snapshots were stored. To ensure that the snapshots are uncorrelated, the
saving interval was set to 10T̃0, where T̃0 is the eddy turnover time, Λ̃/Ũ , and Λ̃ is the integral length scale,
Λ̃ = π

2Ũ2

´ kmax

0
k−1Ẽ (k) dk. This way we generated 44 different turbulence flow fields with parameters

assembled in table II of the main article.
The turbulence fields were rescaled to match the normalization of the insect simulations using the relation

u′ = (2πν) / (`y ν̃) ũ′ and then added to the imposed mean flow u∞ in the inlet region of the computational
domain (Fig. 8). The scaling relation has one degree of freedom, which is the lateral size of the domain, `y.
Varying `y is equivalent to changing the animal’s size relative to the length scales of the turbulence field.
Thus the parameter `y needs to be large enough to reduce the effect of periodicity in the lateral direction
and small enough to produce turbulent length scales similar to natural perturbations. We thus used an
intermediate value for the lateral size of 4R.

D. Numerical wind tunnel

The design of the simulated wind tunnel is illustrated in Fig. 8A-B. At the outlet, a vorticity sponge
with a thickness of 48 grid points gradually absorbs the wake to model the appropriate outflow condition
[6]. At the inlet, isotropic turbulent fluctuations are added in a slice of 48 grid points thickness to a
uniform freestream of 2.5 m/s. The pre-computed turbulence field is imposed by performing a change
of variables, z = u∞t/T . Since the HIT computation is periodic, the injected flow field repeats after
trep = `y/u∞ = 3.21T . The initial condition corresponds to unperturbed laminar flow, thus the turbulent–
laminar interface travels downstream, as illustrated in Fig. 8A, and turbulence hits the head and tail of
the model bumblebee approximately after 0.95 and 2 wing strokes, respectively. Throughout the remaining
computational sequence, the insect is entirely immersed in the turbulent flow. Owing to laminar flow
conditions, we thus excluded the first two wing strokes of each simulation from the statistical analysis.

Each simulation run was repeated NR times (table II of main article) and yielded four subsequent,
uncorrelated wing strokes. The simulation stopped after six wing strokes because the following strokes
are no longer independent owing to the repetition of the imposed inflow perturbation. This procedure
guaranteed confident statistical means and variances of aerodynamic forces and power. It also ensured that
the results were not biased by a randomly present coherent structure in the turbulent inflow field.

E. Wake turbulence in laminar inflow

Figure 9 and Movie S1 illustrate the wake generated by the bumblebee without upstream perturbations.
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isosurfaces of Tu =

√
2u′2/3/u∞. The mean turbulent kinetic energy is computed as u′2 =
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)
.
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Movie S1. Wake generated by the bumblebee under laminar inflow conditions, illustrated by the ‖ω‖ = 100
isosurface of vorticity magnitude.
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