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Abstract
This study investigates the aerodynamics of a bio-inspired samara seed through high-fidelity
numerical simulations, employing an overset mesh method to fully resolve its six-degree-of-
freedom (6-DOF) motion. Coupled fluid and rigid body dynamics was solved using OpenFOAM
v2406. A rigid 3D-printed seed prototype reproducing the samara of Acer campestre and its geo-
metrically scaled versions (0.5x and 2x) were analyzed to explore the effects of scaling on passive
flight dynamics. The simulations captured the full 6-DOF behavior, including the transition from
uniformly accelerated vertical free-fall to steady autorotation. Key aerodynamic quantities such as
descent velocity, angular velocity, coning and pitch angles, and the surrounding flow field struc-
ture were evaluated and compared. Simulation results are found to agree with scaling laws derived
from the literature. Autorotation was found to be robust across scales, but strongly dependent on
drop height and aerodynamic efficiency. The larger prototype (2x) exhibited the highest aerody-
namic performance, while the small seed (0.5x) showed a reduced lift and, consequently, a com-
paratively higher descent velocity. Moreover, the 2x prototype, provided a greater surface area, thus
offering potential functional benefits for applications to environmental sensing. Flow visualiza-
tions confirmed the formation of coherent leading-edge vortices, which contribute to lift genera-
tion and flight stability. The drop height necessary to establish steady autorotation increases with
the size of the seed. These results suggest the existence of practical and biological limits for effective
autorotational flight and offer design insights for passive bio-inspired flying systems that balance
scalability, deployment constraints, and aerodynamic performance.

1. Introduction

Winged seeds, such as Samaras, exhibit a remark-
able passive flight mechanism known as autorota-
tion, where the seed spins around a vertical axis
through the center of mass during its descent. This
rotational motion induces aerodynamic forces that
reduce the fall velocity of the seed, promoting greater
dispersal distances over moderate lateral winds—
an evolutionary adaptation that improves the sur-
vival of the species [1]. Although autorotation is the
most commonly observed flight mode for samaras,
it is not the only one: depending on geometry and
mass distribution, winged seeds may also glide, while
pappose seeds rely on parachute-like behavior for
wind-driven transport [2, 3]. The transition between

these flight modes is strongly controlled by the seed’s
center of mass location [4], which plays a decisive
role in determiningwhether a stable autorotating des-
cent or a tumbling/gliding motion emerges. Among
these, Samaras from ash and elm trees often exhibit
tumbling behavior during their spiral descent, while
maple species prefer to autorotate around the ver-
tical axis. In [5], it was shown that this stable beha-
vior is retained by Samaras even after significant
changes in theirmorphology, such as a 40% loss of the
wing area or doubling of the weight. In these condi-
tions, Samaras still trigger autorotation during flight
and fall in a controlled descent. The natural samaras
examined in these studies operate at Reynolds num-
bers on the order of 103, a regime in which thin
disks of comparable size are known to exhibit chaotic
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Figure 1. Photograph of the 3D-printed I-Sam [17] prototypes arranged in order of increasing scale factor (0.5x, 1x and 2x) from
left to right.

or tumbling trajectories rather than a stable vertical
fall [6–8]. This inherent stability and predictability of
landing orientation make samara-type seeds partic-
ularly compelling as bioinspired platforms. A char-
acteristic feature of their flight is the rapid trans-
ition from an initial near-vertical free fall to a tip-
ping motion driven by asymmetric mass distribu-
tion, followed by the establishment of steady autoro-
tationwithin less than a second [9]. Several numerical
studies have modeled samara aerodynamics, though
most focus on steady-state rotation or wind-tunnel-
type inflow conditions [10, 11]. Other simulations
investigate simplified geometries at Reynolds num-
bers significantly lower than natural values, and in
some cases employ an imposed initial rotational velo-
city to trigger autorotation [12]. While informative,
these assumptions alter or suppress the natural tran-
sient dynamics that is essential for our purpose. The
interplay between fluid dynamics and seed morpho-
logy can be effectively studied with numerical sim-
ulations, as shown by Lee [13]. Such computational
approaches prove particularly valuable when experi-
mental measurement or direct visualization are chal-
lenging. From an engineering point of view, numer-
ical models allow the comparison of seeds or designs
of different sizes, facilitating the evaluation of their
aerodynamic performance and optimization for bio-
inspired engineering applications in agritech [14],
such as environmental sensing and reforestation.
The development of passive aerial systems inspired
by natural flyers, such as autorotating seeds, offers
promising solutions for low-cost, low-energy deploy-
ment of small-scale devices for environmental sens-
ing and precision agriculture, allowing data collec-
tion and seed deployment across large areas that may
not be easily accessible [15, 16]. In this context, the
design and optimization of bioinspired prototypes

are crucial to achieve stable falling dynamics, ensur-
ing landing with controlled velocities and orienta-
tion. Moreover, a key requirement for environmental
sensing systems is to have a sufficiently large surface
area to accommodate multiple sensors. These sensors
are intended to be read wirelessly by aerial vehicles
such as drones, hence the need to be oriented prop-
erly and visible from above [17]. However, enlarging
the surface area by scaling up the prototype raises
questions about whether the system would still retain
its autorotating behavior and controlled descent. To
address this question, we performed a numerical
investigation on a reference prototype of autorotat-
ing seeds (based on the Acer campestre) presented in
[17], which is produced by 3D printing.We simulated
the falling motion of the seed as well as that of two
geometrically scaled versions; see figure 1. These are
obtained by scaling the geometry in all directions by
a factor of 0.5 and 2, respectively. In the rest of the
paper, we will refer to these 3 prototypes as 0.5x, 1x
and 2x, where 1x indicates the original, non-rescaled
geometry.

Our study is motivated by two main objectives:
first, to determine the impact of geometric scaling
on the aerodynamic performance and stability of the
auto-rotationmechanism and, second, to identify the
minimum drop height required to reliably trigger
auto-rotation across different scales. Numerical sim-
ulations enable detailed analysis of the seed’s descent
trajectory and other key aerodynamic metrics, such
as coning and pitch angles, angular velocity, and des-
cent velocity. Furthermore, obtaining detailed visual
insights into the structure of the fluid flow around
the seed is valuable for the physical understanding of
autorotational flight. An important example of such
flow structures are the leading-edge vortices (LEVs)
that form along the wing surface.
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The remainder of this paper is organized as fol-
lows. Section 2 presents the mathematical modeling
framework, including the aerodynamics of the seed,
the dynamics of the fluid and the equations ofmotion
of the seed coupled with the fluid. Section 3 reports
the details on the numerical methods, model valida-
tion and the experimental settings for video recording
and analysis. Section 4 reports the key results derived
from simulations and experiments. In section 5, we
summarize the main results and discuss the implica-
tions of our findings for seed dispersal of natural seeds
and scalability of the design of artificial ones to be
employed as environmental sensors.

2. Mathematical modeling

2.1. Seed aerodynamics: velocity and force
components
In figure 2, three distinct reference frames are intro-
duced to describe the kinematics and dynamics of the
seed during its passive motion through air, following
[12]. The first reference frame illustrated in figure 2
is the body frame, indicated as Σb, with origin in
the center of mass and axes parallel to the principal
axes of inertia of the seed. The second one is the
geometric frame, denoted as Σg, and defined by the
printing plane of the 3D model. This frame provides
a geometric reference to illustrate the initial config-
uration of the prototype and its relationship with
the orientation during printing, and is not used in
the dynamic analysis of the motion of the seed. The
first printed layer of the seed defines the ‘geomet-
ric plane’ (xg,yg) of Σg; subsequent layers are depos-
ited sequentially along the direction normal to this
plane, resulting in the gradual reconstruction of the
full three-dimensional geometry. We define the geo-
metric plane as the one normal to this direction of
deposition passing through the center of mass of the
seed. We identify the spanwise direction by project-
ing yb on this plane; on this direction we define the
axis yg, extending from the center of mass to the wing
tip. We then define the axis xg orthogonal to both yg
and the direction of deposition, choosing the orient-
ation from the thick (leading) edge to the thin (trail-
ing) edge. Finally, the orientation of zg (parallel to the
direction of deposition, and thus perpendicular to the
first layer) is chosen so that the resulting frame Σg is
right-handed. Both Σg and Σb are fixed with respect
to the seed. Lastly, the laboratory frame, denoted as
Σlab, is an inertial frame fixed with respect to the
external environment. In this frame, the vertical axis
zlab points opposite to the direction of gravity, and
the horizontal plane is defined by xlabylab. The posi-
tion of the seed is defined by the coordinates of the
center of mass with respect to Σlab, along with three

Euler angles that describe the orientation of the body
frame with respect to the laboratory. We adopt the
roll-pitch-yaw convention, defining the coning (or
roll) angle β, the pitch angle θ, and the yaw angle ψ.
The angle β can be thought of as the angle generated
during a rotation around the chordwise axis, while θ
is generated by a rotation around the spanwise axis.
They are represented in figure 3(a). At the initial time
stepΣg is aligned with the laboratory frame and then
both angles β and θ are equal to 0. Oncemotion is ini-
tiated under the action of gravity, the seed begins to
rotate around its own xb-axis due to the lack of sym-
metry of its mass distribution. As a result, the seed
deviates from the horizontal plane: the angle between
the yb-axis of the body frame and its projection on the
horizontal plane is the coning angle. The pitch angle
instead is measured as the angle between xb and its
projection on the horizontal plane. The geometry of
the problem is illustrated schematically in figure 3. In
this figure, we dropped the distinction between the
body and geometric frame since their axes are very
close. The section plane represented in the left panel
contains the axis of auto-rotation and the direction
of yg: we have assumed the axis of autorotation to
coincide with zlab. This approximation is supported
by numerical results: in figure 6, where the trajector-
ies of the falling motions of the seeds are shown, lat-
eral displacements do not exceed 1% of the vertical
component. Therefore, the view on the left is on a
plane with normal vector that lies on the horizontal
plane xlabylab. The view on the right panel of figure 3
is instead in a plane orthogonal to the spanwise direc-
tion (and thus to yg), which we denote as chordwise
section. In such a geometric Section, one can natur-
ally introduce the lift and drag forces generated by the
aerodynamics of the seed motion, thus justifying the
introduction of the geometric frame. During descent,
the seed experiences a resultant velocity [18] defined

as vres =
√
v2dn + v2tan = cos(β)

√
v2d +ω2r2. This vec-

tor couples the effects of the vertical (falling) velo-
city vd with the rotational velocity ω, see figure 3 for
the definition of the components. The angle formed
between vres and vtan defines the gliding angle, given

by ϵ= tan−1
(

vdn
vtan

)
. It is important to note that the

gliding angle (which is directly related to the angle of
attack [19]) varies along the span, as a result of vari-
ations in the tangential velocity vtan; see figure 8. The
aerodynamic force acting on the wing is decomposed
into two components: the drag D, aligned with vres,
and its normal counterpart, the lift L (figure 3(b)).
The resultant aerodynamic force balances the nor-
mal component of the weight, W

cosβ , as shown in
figure 3(a). The coning angle on which the auto-
rotation settles is determined by the equilibrium of
the opposing moments, about the center of mass, of

3
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Figure 2. I-Sam prototype designed in [17]. Axes {xlab,ylab,zlab} define the inertial laboratory frame Σlab, while axes of theΣb

andΣg frames define the body frame and the geometric one.

Figure 3. Illustration of the sectional views: (a) Spanwise and (b) Chordwise, showing the aerodynamic forces, velocity compon-
ents, and angles governing the motion.

the centrifugal (Fcd and Fcp) in figure 3(a) and aero-
dynamic forces.

2.2. Fluid dynamics
We simulated the falling motion in quiescent air,
treating the fluid as incompressible due to the low
Mach number regime. We solve directly the incom-
pressible Navier–Stokes equations (without using
turbulence models), below expressed in index nota-
tion where i, j = 1,2,3 identify the components with
respect to the axes of the lab frame Σlab:{

∂vi
∂xi

= 0

ρ
(

∂vi
∂t + vj

∂vi
∂xj

)
=− ∂p

∂xi
+µ ∂

∂xj

(
∂vi
∂xj

+
∂vj
∂xi

)
+ fi

.

(1)
vi, p are the ith component of the velocity and pres-
sure fields, fi = ρgi represent the gravity force per unit

volume, ρ= 1.225 kg
m3 is the fluid density and µ its

dynamic viscosity, of value µ= 1.81× 10−5Pa · s at
20◦. The fluid force F and moment M acting on the
seed are calculated by integrating the contributions
of pressure and viscous stresses on the surface of the
body, denoted by ∂B. These quantities are expressed
component-wise in Σlab as follows:

Fi =

ˆ
∂B

(
µDij − pδij

)
nj dΣ

Mi =

ˆ
∂B

(
rj ×

(
µDij − pδij

)
nj
)
dΣ

(2)

where tensor Dij represents the symmetric part of the
velocity gradient ∂vi

∂xj
, rj the components of the vector

joining the force application point and the moment
center (the center of mass), and nj the components of
the normal to the seed’s surface.
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Table 1. Geometrical and mass properties of the three simulated
prototypes. The inertia tensor is measured inΣb.

I-Sam 0.5x I-Sam 1x I-Sam 2x

m (kg) 6.9× 10−06 5.5× 10−05 4.4× 10−04

rspan (m) 1.4× 10−02 2.9× 10−02 5.8× 10−02

Aseed (m2) 1.3554× 10−04 5.4218× 10−04 2.1687× 10−03

Awing (m2) 8.4903× 10−05 3.3963× 10−04 1.3586× 10−03

V (m3) 1.65× 10−08 1.32× 10−07 1.06× 10−06

Jxx (kg ·m2) 1.7986× 10−10 1.7440× 10−09 5.6280× 10−08

Jyy (kg ·m2) 3.2391× 10−11 3.1607× 10−10 1.0135× 10−08

Jzz (kg ·m2) 2.0886× 10−10 2.0270× 10−09 6.5355× 10−08

2.3. Equations of motion
The evolution over time of the six degrees of freedom
of the rigid-body dynamics of the seed is governed by
the Newton–Euler equations. The motion of the cen-
ter of gravity is expressed in the laboratory frameΣlab,
see figure 2:

mv̇cm =W+ F, (3)

wherem is the bodymass,W is the weight of the seed,
corrected to take into account the buoyancy force and
F is the aerodynamic force. The angular motion of
the object instead is computed in the body frame Σb,
illustrated again in figure 2, by solving

Jω̇+ω× (Jω) =M (4)

where ω is the angular velocity vector and M is the
moment of the aerodynamic forces. The inertia tensor
J is diagonal since the body frame is aligned with
the principal axes. The components of this tensor are
reported in table 1, together with other geometrical
parameters. Since (4) is solved in the body frame, the
evolution in time of the relative orientation between
the body and laboratory frames must be known. To
avoid singularities which can arise during the resol-
ution of the rotational dynamics using Euler angles,
quaternionsQ= (Q1,Q2,Q3,Q4) are employed:Qi = ei sin

(
ϕ
2

)
∀i = 1,2,3

Q4 = cos
(

ϕ
2

) (5)

which describe a rotation of an angle ϕ about an axis
with unit vector of components ei. The evolution in
time of the quaternions is given by:

dQ
dt

=
1

2


0 ωz −ωy ωx

−ωz 0 ωx ωy

ωy −ωx 0 ωz

−ωx −ωy −ωz 0

Q (6)

where (ωx,ωy,ωz) are the components of the angular
velocity vector in the body frame.

3. Methods

3.1. Numerical methods &model validation
Simulating the complex dynamic motion of the seed
over time involves the solution of a fluid-structure
interaction (FSI) problem, on a moving/deforming
domain. In our case, we employ the overset mesh
method [20, 21]. In this approach, two meshes are
combined: one, the component mesh, is body-fitted
to the boundary of the seed and follows its motion,
and is sufficiently refined to accurately capture the
flow features close to the body. The second, less
refined, is the background mesh, and comprises the
entire region of the motion. Boundary information
is exchanged between these grids through interpola-
tion of the flow variables, which is crucial for accur-
ately resolving the relative motion between the seed
and the surrounding air. The coupled FSI problem
governing the falling seed dynamics is solved through
an iterative algorithm using OpenFOAM-v2406 [22]
and a full flowchart illustrating the sequence of the
calculations is represented in figure 4. The governing
equations are discretized in both time and space, and
coupling between the fluid flow and the rigid body
motion is obtained in two steps: the fluid dynamics
are resolved using the PIMPLE algorithm [23], main-
taining the Courant–Friedrichs–Lewy number below
2. Then, the Newton–Euler equations of the rigid
motion are updated with the fluid forces at each new
time step and advanced in time using a Symplectic
solver. The equations of the fluid are discretized in
space with the finite volume method. An example
of the computational domain of one of the simula-
tions is illustrated in figure 5 and reported in table
4, and consists of an assembled mesh of approxim-
ately 900 000 hexahedral cells, with a refinement in
the inner part of the body-fitted zone. Parameters
such as the aspect ratio, skewness and orthogonality
of the cells are checked to ensure a good quality mesh
in all simulated cases. We also conducted a prelimin-
ary check of the stability of our results with respect to
mesh refinement (see table in appendix). Given the
complexity of the geometry of the seed and the small
size of its finest features, performing a more detailed
analysis would be worthwhile but is left for fur-
ther studies. A no-slip velocity boundary condition
is enforced on the surface of the seed. A zero-velocity
condition is applied at the outer domain walls, with
the exception of the upper side (with respect to the
direction of gravity), where a zero-pressure condition
is assigned to allow natural fluid outflow. For discret-
ization in time, the Crank–Nicolson scheme, with a
blending factor of 0.5, is applied, ensuring second-
order accuracy. The gradient terms, including pres-
sure and velocity gradients, are approximated using
a Gauss linear scheme. The advection of momentum
is discretized using a linearUpwind (second order)

5
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Figure 4. Schematic representation of the Fluid Structure Interaction algorithm.

Figure 5. Visualization of the component (a) and background (b) mesh zones. The component zone is a cubic domain; a section
plane highlights the refined wake region around the seed, including a zoomed-in view. The background zone is a larger paral-
lelepiped domain encompassing the entire computational region.

divergence scheme. Viscous and diffusive terms are
approximated with a limited Gauss linear scheme.

The accuracy and reliability of the proposed
model were validated against benchmark cases from
the literature, incorporating both computational and
experimental data. In particular, the results repor-
ted byUhlmann [24] were reproduced, showing good
agreement with their findings. The case considered is
that of a solid sphere falling in an unbounded, qui-
escent fluid, under the effect of gravity. The solid to
fluid density ratio was set to 2.56 (heavier solid) for
both cases. Two different Reynolds number regimes
(computed with respect to the steady state value of

the falling velocity, U∞) were tested, by varying the
kinematic viscosity of the fluid. The motion reaches
a steady terminal velocity over time in both cases.
The results, compared with experiments 1 and 2 from
section 5.3 of [24], are presented quantitatively in
table 2 , respectively. For further validation, we repro-
duced results from [25], for the case of the buoyancy-
driven motion of disks. We focused on the case of a
disk with aspect ratio χ= 2, and density ratio ρs

ρf
=

0.99. The resulting Galileo number was G= 160, and
the motion unsteady. Once a limit cycle was reached,
we calculated the average falling velocity, comparing
it with the one reported in the reference, see table 3.

6
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Table 2. Comparison of Reynolds numbers at steady-state
Re∞ = U∞D/ν between our model and the benchmark data
from [24].

Cases Uhlmann Our model Relative error

1)Re∞ 41.12 41.31 0.4%

2)Re∞ 366.69 372.54 1.5%

Table 3. Comparison of Reynolds numbers at steady-state
Re∞ = U∞D/ν. between our model and the benchmark data
from [25].

Chrust et al Our model Relative error

Re∞ 242 247 2.1%

Table 4. Computational domain characteristics for the
component and background zones.

Component zone Background zone

Cells number 500.000 400.000

Cells type Hexahedra Hexahedra

Domain height (m) 0.2 2.5

Domain length (m) 0.2 0.5

The simulation results are in good agreement with
reference data for all the tested scenarios.

3.2. Experimental recording
The 3D-printed artificial seeds, illustrated in figure 1,
were manufactured at Istituto Italiano di Tecnologia.
The infill density of the nut was set to 5%, while
that of the wing was set to 100%. The achieved layer
thickness of 0.05mm for the wing corresponds to
the minimum resolution limit of the employed 3D
printer (Prusa i3 MK3S). High-speed videos of the
falling seeds were recorded using a Photron high-
speed camera. For the 0.5x and 1x scale seeds, record-
ings were made at 500 frames per second (fps), while
for the 2x scale seeds the frame rate was increased
to 750 fps to better capture the faster motion. Each
seed was released from an initial height of 3.5m and
allowed to fall freely in quiescent air, with at least
three repetitions performed for each sample. The
temporal scale of the recorded videos was determ-
ined directly from the inverse of the camera frame
rate, a known acquisition parameter of the setup.
The spatial scale was calibrated using an A4 sheet of
paper (29.7 cm× 21.0 cm) placed in the same plane
as the falling seed and visible within the field of
view. Using the Tracker calibration tool, a line was
drawn along the long edge of the sheet (29.7 cm)
and used as the reference distance, enabling pixel-
to-length conversion. The seed position was manu-
ally tracked frame-by-frame by marking its centroid
using Tracker [26], an open-source motion analysis
tool. Instantaneous velocities were obtained via finite
differences between consecutive frames. To reduce

noise and transient effects, velocities were averaged
over the last 20 frames, corresponding to the steady-
state regime of the motion. Since the motion devel-
ops predominantly along the vertical direction and
the perspective effects were minimal, the recorded
velocities represent an approximate estimate of the
vertical descent speed. These values were reported
in table 5 for qualitative comparison with numer-
ical results, but were not used for quantitative val-
idation of the simulations. Video ‘1x FullFlight.mp4’
shows the complete free-fall flight of the 1x pro-
totype, from the moment of release to the onset
and stabilization of autorotation. The same experi-
ment is shown in 2x FullFlight.mp4’, but referring to
the 2x prototype. To isolate the steady-state phase,
three separate recordings, ‘0.5x SteadyFlight.mp4’, ‘1x
SteadyFlight.mp4’ and ‘2x SteadyFlight.mp4’, were
captured. These videos provide a clearer depiction of
both the transient and limit-cycle dynamics of the
falling seed, offering visual confirmation of the beha-
viors observed in the numerical results, see figures 11,
10. One can clearly observe the transition from the
initial phase of uniformly accelerated vertical free-fall
to the onset of autorotation accompanied by a sud-
den deceleration of the descent velocity. Finally, ‘2x
SteadyNumerical.mp4’ shows the numerical counter-
part of the 2x seed falling in its steady regime, with the
evolution of the fluid velocity field through contour
and quiver plots to indicate the magnitude and direc-
tion of the flow. This last video is made in ParaView
[27].

4. Results

Results are reported for the three prototypes, with the
aim of: (i) identifying the minimum release height
required to trigger autorotation, (ii) evaluating aero-
dynamic efficiency, and (iii) analyzing vortex struc-
tures along the spanwise and chordwise directions.
Finally, we examine the entire descent flight through
the time evolution of the velocity and attitude of the
seed. Each seed is initially released from rest at the
origin of the computational domain, with gravity act-
ing as the only external force, directed downward as
g= (0,0,−9.81m

s2 ). Each simulation was run for a
time sufficient to observe the onset of autorotation
and the convergence of the motion to a limit cycle.
Figure 6(a) illustrates the trajectories of the centers of
mass in the laboratory frame, while Figure 6(b) shows
their projections onto the horizontal plane over the
full simulation time. It is evident that the larger proto-
type achieves a greater dispersal distance, whereas the
0.5x and 1x descend predominantly along the vertical
axis. The falling height before triggering of autorota-
tion, denoted as hdrop, is reported for each prototype
in table 7, together with the corresponding average
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Figure 6. Trajectories of the center of mass. (a) 3D evolution. (b) Projected displacement in the horizontal plane.

steady-state coning and pitch angles. In table 8 we
present the descent velocities of the numerically sim-
ulated prototypes, which lie within the experiment-
allymeasured confidence intervals reported in table 6.
The weight of the real 3D-printed seeds may dif-
fer from that of the numerical prototypes, which
strictly follow the scaling laws relating weight and
dimensions. For this reason, the prototypes reported
in tables 7 and 8 are labeled differently. Specifically,
table 7 refers to the prototypes presented by [17],
while table 8 reports the properties of the seeds used
in this work to produce the experimental videos.
These latter prototypes were fabricated using the
same 3D printing procedure as in [17], but at a later
time.

Following [28], we define the descent factor Df as

Df =
2W

ρf v2dA
. (7)

This dimensionless parameter is often used to
quantify the aerodynamic efficiency of the seed. In
steady state conditions, the weight force is absorbed
by two aerodynamic contributions (one generated by
the vertical fall speed vd and one by rotation, which
generates additional upward thrust). The descent
factor represents the ratio between the weight of the
body and the first aerodynamic contribution (aero-
dynamic drag). When the descent factor is greater
than one, it means that the first contribution is less
than the weight, so the seed is able to compensate
for the difference through the contribution made by
rotation. The higher the DF, the more important this
contribution is, which is why we quantify aerody-
namic efficiency in this way. Our results demonstrate
that autorotation is successfully triggered for all three
prototypes. The 2x prototype exhibits the highest
aerodynamic efficiency, as indicated by a higher value
of Df, followed by the 1x and 0.5x. The small proto-
type shows the worst performance, with a reduced
descent factor, suggesting a diminished lift contribu-
tion from autorotation.

Table 5. Experimental mass and descent velocity for the three
prototypes (0.5x, 1x, 2x) use for the videos presented in
section 3.2.

Ĩ− Sam 0.5x Ĩ− Sam 1x Ĩ− Sam 2x

m (kg) 1.7× 10−05 1.03× 10−04 6.6× 10−04

vd (ms−1) 1.5 1.45 2

Table 6. Experimental vertical descent, angular, and tip velocities
for the three Samara seed prototypes (0.5x, 1x, 2x) reported in the
supplementary materials of [17].

I− Sam 0.5x I− Sam 1x I− Sam 2x

m (kg) 1.12× 10−05 5.5× 10−05 5.99× 10−04

vd (ms−1) 0.97± 0.09 1.04± 0.09 1.82± 0.33

ωz (rad s−1) 161.1± 36.9 107.1± 16.7 68.3± 6.3

vtip (ms−1) 2.04± 0.53 2.64± 0.41 3.50± 0.39

Table 7. Numerical results of the minimum required hdrop,
descent factor and averaged steady state coning and pitch angles.

I-Sam 0.5x I-Sam 1x I-Sam 2x

hdrop (m) 0.95 1.5 3.2

Df 2 2.70 3

β (deg) 25.15 23.5 23.2

θ (deg) -4.04 -3.11 -2.90

Table 8. Numerical results: velocities are time-averaged over the
last 0.5 s of steady state motion.

I-Sam 0.5x I-Sam 1x I-Sam 2x

m (kg) 6.9× 10−06 5.5× 10−05 4.4× 10−04

vd (ms−1) −0.79 −0.98 −1.3

ωz (rad s−1) 132 98 70

vtip (ms−1) 1.3 2.1 3.1

A striking feature of natural autorotating seeds is
their aerodynamic robustness to morphological vari-
ations, such as changes in the wing area or mass
distribution [5]. We analyze the effect of scaling on
the performance analytically. In the literature, the
seed’s descent velocity vd is commonly correlatedwith
wing loading—defined as the ratio of seed weightW

8
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Table 9. Numerical results of time-averaged fluid forces over the
last 0.5 s of steady state motion, expressed in the lab frame Σlab.

I-Sam 0.5x I-Sam 1x I-Sam 2x

W (N) 6.77× 10−05 5.399× 10−04 4.34× 10−03

Fx (N) 5.07× 10−07 −5.12× 10−06 −6.90× 10−05

Fy (N) −7.67× 10−07 −2.412× 10−06 −1.74× 10−05

Fz (N) 6.77× 10−05 5.39× 10−04 4.37× 10−03

Mx (Nm) 2.60× 10−06 −1.57× 10−05 −3.12× 10−04

My (Nm) −1.77× 10−06 5.97× 10−06 2.88× 10−04

Mz (Nm) 1.89× 10−09 −4.35× 10−08 −3.28× 10−06

Re∞ 1e+03 2e+03 6.5e+03

to its wing area A—according to the relationship:

ρfv
2
d ∼

W

A
. (8)

The weight of the object scales with the cube of the
scaling factor λ. Indeed

W= ρsgV =⇒ Wλ = ρsgλ
3L3 = λ3W, (9)

where ρs represents the seed density, g the gravity
force vector and V the volume of the seed and L=
V1/3 is the characteristic length; while the scaling law
for the area A is given by

A∼ L2 =⇒ Aλ = λ2L2. (10)

Using the scaling factor λ in equations (7a) and
(7b) of [29], we obtain: vd,λ ∝

√
λvd

ωλ ∝ 1√
λ
ω

. (11)

We plot these relations and the data-points from
numerical results in figure 7. The curves are posi-
tioned so that the values for λ= 1 are the descent
velocity and rotation rate calculated in the numerical
simulation of the 1x prototype. Figure 7(a) illustrates
the vertical descent velocity as a function of the scale
factor. The red curve represents the theoretical trend
predicted by the square-root scaling law (11), while
the green square markers correspond to the results of
the numerical simulations for the three seed proto-
types (see table 8). In figure 7(b), the same is done
for the angular velocity. The numerical results show
the same trends of the theoretical prediction based on
the scaling law, and the agreement is particularly good
for the rotation velocities. The larger seeds exhibit
lower angular velocities. While this agreement should
be interpreted only in a qualitative sense, the result-
ing interpolating functions provide an approximate
but interesting means of estimating descent and rota-
tional velocities for seeds with sizes contained in the
range of those actually simulated, thereby alleviating
the burden of simulating individually prototypes at
intermediate scales.

According to both experiments and theory, the
descent velocity increases with the scaling factor. All
the measured falling speeds of the tested prototypes
align well with theoretical expectations. Figure 8(a)
shows the tangential velocity distribution along the
spanwise coordinate for all three prototypes. It is
shown that the tangential velocity of the smaller seed
is the lowest, despite its rotational velocity being
the highest. This supports the fact that its descent
factor is also the lowest and hence the 0.5x prototype
is the one with the lowest aerodynamic efficiency.
Figure 8(b) depicts the distribution of the gliding
angle along the seed span, which confirms its inverse
relationship with the tangential velocity, as defined in
section 2.1. It is noteworthy that the 0.5x prototype
exhibits higher tip gliding angles than the 1x and 2x
seeds, which attain stable autorotation at lower glid-
ing angles, indicative of improved aerodynamic per-
formance. A critical aerodynamic feature influencing
seed descent is the formation of LEVs, which enhance
lift by maintaining attached flow even at high angles
of attack [28]. Previous studies [30] have demon-
strated that LEVs play a vital role in biological flyers
like insects and bats and remain stable even at relat-
ively low Reynolds numbers (Re≈ 120) for flapping
wings.We observe that LEVs are stable for all the pro-
totypeswe examined.However, we see in figures 9(e)–
(f) a weakening of the LEV structures for the larger 2x
one, where the Reynolds number attains the largest
value in the order of 6.5 · 103. This is reminiscent of
the observation of vortex bursting at Reynolds > 103

contained in [31]. Here, the authors suggest that this
vortex bursting does not produce a diminished aero-
dynamic performance, a fact which may explain the
increment in the descent factor which we observe for
the larger samaras.

The analysis of the velocity field, presented in
figure 9, reveals the emergence of coherent vortex
structures along both the spanwise and chordwise
directions of the seed for all scaled prototypes. These
vortices form as the seed rotates and its leading edge
interacts with the incoming flow, generating a recir-
culation region that accelerates the flow near the wing
surface, thereby inducing a localized low-pressure
zone. It is important to note that the aerodynamic
efficiency of the seed decreases with increasing gliding
angle, as higher angles tend to produce less compact
LEVs.

Finally, we show the time evolution of the coning
angle β(t) and pitch angle θ(t) in figure 10, and of the
linear and angular velocity components in figure 11.
As previously mentioned, the seed initially lies on
the horizontal plane, corresponding to β, θ= 0. At
release, a rotational motion around the seed’s x-axis
is triggered by gravity due to the non-symmetricmass
distribution. Within approximately 0.15 s, the seed
undergoes a significant change in the coning angle

9
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Figure 7. Scaling laws (11) of the velocities: (a) Mean descent velocity as a function of the scaling factor. (b) Mean angular velo-
city as a function of the scaling factor.

Figure 8. Distribution of aerodynamic variables along the spanwise direction: (a) tangential velocity and (b) gliding angle.

with the wing tip tilting upwards, resulting in a con-
figuration where the projected area facing the flow
is minimal. Consequently, aerodynamic forces are
insufficient to counteract gravity, and the seed accel-
erates. This orientation is maintained until approx-
imately 0.45 s for the 0.5x and 1x prototypes, and
up to 0.75 s for the 2x prototype. Figures 10 and 11
represent the entire evolution of the seed’s dynam-
ics: time series of the components of linear and angu-
lar velocity, and of the coning and pitch angles are
reported. The colored vertical bars mark the trans-
ition from an almost uniformly accelerated vertical
descent to the onset of autorotation for all three pro-
totypes respectively. At this transition point the seed
starts to autorotate and there is a marked reduction
in both the coning angle and vertical descent velocity,
which quickly converge towards (essentially) steady-
state values, after a vertical fall of height hdrop. We
refer to the final part of the motion as the steady
state, characterized byminimal temporal variations in
the observed quantities. The time-averaged terminal
values over the last 0.5 s of motion are reported in

tables 7, 8 and 9. The videos and the whole set of res-
ults discussed above underscore the inherently non-
linear nature of falling seed dynamics, particularly
highlighting the transition from an initial transient
regime of uniformly accelerated vertical free-fall to a
steady autorotationmode. Furthermore, we note that
the overall motion predominantly develops around
the vertical z-axis, demonstrating the effectiveness of
the auto-rotation mechanism in establishing a slow
descent along a preferred direction, with a controlled
landing orientation.

5. Discussion

The numerical framework used in this study allowed
us to simulate the complex unsteady aerodynamics
of auto-rotating seeds. The model was first valid-
ated against benchmark cases, demonstrating good
agreement in all scenarios. By scaling the size of
the seed and analyzing key aerodynamic quantit-
ies, we explored how geometric scaling influences
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Figure 9. Spanwise (a), (c), (e) and chordwise (b), (d), (f) velocity fields for the 0.5x, 1x, and 2x I-Sam prototypes during autoro-
tation. The colormap indicates velocity magnitude, quivers show flow direction, and the horizontal scalebar denotes the local
spanwise/chordwise coordinate radius.

Figure 10. (a) Time evolution of the coning and (b) time evolution of the pitch angle over the simulation period.
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Figure 11. (a) Time evolution of the linear velocities and (b) time evolution of the angular velocities over the simulation period.

the autorotational performance of Samara-inspired
seeds, both natural and artificial. Our results show
that stable autorotation can be achieved across a range
of scales, confirming the robustness of this passive
flight mode. All tested prototypes were able to initiate
autorotation, but the height required to trigger this
mechanism increases significantly with scale. This is
a potential problem for our intended use cases, where
rapid deployment and efficient dispersion from low
altitudes are essential. The 0.5x prototype, on the
other hand, fails to significantly reduce its descent
velocity, possibly compromising the ability to dis-
perse under moderate lateral winds. The biological
implication of this behavior is that seeds that are too
small may not be transported far from the parent tree,
causing them to land nearby and increase competi-
tion for survival. Among all designs, the 2x prototype
demonstrated the highest aerodynamic efficiency,
making it the optimal choice in terms of performance.
Furthermore, it offers compelling advantages from an
engineering perspective in applications such as envir-
onmental sensing [15–17]. Its larger surface area, four
times that of the 1x prototype, provides more space
for sensor and payload integration. Moreover, its lar-
ger physical dimensions enhance detectability, facilit-
ating localization and recovery in field applications.
The presence and compactness of LEVs are crucial
for maintaining flow attachment, this aerodynamic
mechanism enhances lift and promotes dynamic sta-
bility during autorotation [28]. Our analysis of the
velocity field (see figure 9) confirms that such vortex
structures form consistently for all three prototypes,
both along the spanwise and chordwise directions.
Notably, the persistence of these LEVs despite changes
in geometry suggests that their formation is robust
to scaling, thereby supporting sustained autorotation
over a wide range of seed sizes. This observation is
consistent with previous findings in [5], which high-
light the ability of various autorotating seeds tomain-
tain autorotation in a variety of sizes and morpho-
logies. The findings suggest the existence of a critical

size threshold beyond which aerodynamic perform-
ance begins to degrade. The small prototype appears
to fall faster than expected, potentially due to insuffi-
cient lift generated through autorotation, as indicated
by lower values of the descent factorDf, and lower val-
ues of the attained tangential velocity (see figure 8(a).
These observations are consistent with the idea that
the autorotation mechanism could lose effective-
ness below a certain geometric scale. Interestingly,
in nature, the smallest autorotating seeds tend to
be larger than the 0.5x prototype considered here,
whichmay hint at a biological lower bound for effect-
ive passive autorotational flight. From an engineer-
ing point of view, printing at scaling factors below
0.5x presents challenges due to the reduced thick-
ness of the wing and to potential problems for its
structural integrity. These constraints may also con-
tribute to the explanation of why a lower bound for
the size of autorotating seeds is observed in nature.
Compared to the other prototypes, the 2x design
showed superior aerodynamic efficiency, emerging as
the most effective configuration overall. With regard
to the upper size limit, we scaled the prototype up
to three times its original size and observed that the
minimum falling height required to initiate autoro-
tation increased significantly, reaching approximately
7m. This requirement may pose practical limitations
for applications, as it requires deployment from sub-
stantial heights. This is also in line with biological
observations, where large autorotating seeds are rel-
atively rare. The scarcity of such seeds in nature
may be attributed to the prolonged transient phase
and increased drop height needed to achieve stable
autorotation. Consequently, only trees exceeding the
critical drop height, hdrop, would benefit from dis-
persal strategies based on autorotation. We hope that
our findings may contribute to a deeper understand-
ing of how autorotational behavior scales with size
and to inform the design of effective bio-inspired
devices where passive flight, sensing, and deployment
constraints must be carefully balanced.
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6. Conclusions

In this work, we investigated the aerodynamics of geo-
metrically scaled samara seeds through fully coupled
6-DOF numerical simulations using an overset mesh
framework. Our results demonstrate that autorota-
tion is a remarkably robust passive flight strategy,
consistently triggered across all tested scales. We
highlight how geometric scaling affects the autoro-
tational performance, with implications for engin-
eering and natural seed dispersal. From an engin-
eering perspective, aerodynamic efficiency and per-
formance as environmental sensing are both mono-
tone increasing with size, making larger prototypes
more effective in carrying payloads and providing
stable descent speed. However, the height required
to establish autorotation also grows monotonically
with scale, potentially limiting deployability in real
environments where strong lateral gusts or insuffi-
cient release altitude may disrupt the onset of autoro-
tation. This trade-off points to the existence of an
upper practical size for bio-inspired environmental
sensors. At the other end of the spectrum, very small
designs face manufacturing challenges (thin wings
become structurally fragile) and show reduced aero-
dynamic efficiency, indicating a lower bound on feas-
ible miniaturization. These observations mirror pat-
terns found in natural samaras, which occupy a rel-
atively narrow size window across species. The ana-
lysis suggests that this biological range may arise
from the same competing constraints: seeds that
are too small would lose aerodynamic effectiveness
and structural robustness, whereas overly large seeds
would require drop heights attainable only by the
tallest trees to reliably trigger autorotation. In this
light, both natural evolution and engineering design
appear governed by a balance between aerodynamic
performance, material limitations, and deployment
constraints, which together define an optimal inter-
mediate size for effective autorotational flight.
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Table A1. Grid convergence study for the 1x prototype.

Coarse mesh Current mesh Fine mesh

No. of cells 500.000 900.000 1.800.000

Fz [N] 5.39× 10−04 5.39× 10−04 5.40× 10−04

β [deg] 23.7 23.5 23.5

θ [deg] −3.09 −3.11 −3.21

ωz [rad s−1] 9.80e+01 9.82e+01 9.79e+01

vz [ms−1] −9.84× 10−01 −9.75× 10−01 −9.76× 10−01

Appendix

To assess the numerical accuracy and grid independ-
ence of the proposed computational framework, a
grid convergence study was performed for the 1x pro-
totype. Three different mesh resolutions: coarse, cur-
rent, and fine were considered, while keeping all phys-
ical and numerical parameters unchanged. Key aero-
dynamic and kinematic quantities, including vertical
force, descent velocity, angular velocity, and attitude
angles, were evaluated once the steady autorotational
regime was reached. The results reported in table A1
show negligible variations across mesh resolutions,
indicating that the adopted mesh provides a satis-
factory compromise between accuracy and computa-
tional cost and that the numerical results presented in
this work are effectively grid independent.
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ulation of the dynamics of freely falling discs Phys. Fluids
25 044102

[26] Brown D 2023 Tracker video analysis and modeling tool
(https://physlets.org/tracker/) (Version 6.1.5, Open Source
Physics)

[27] Ayachit U 2015 The Paraview Guide: a Parallel Visualization
Application (Kitware, Inc)

[28] Lentink D, Dickson W B, Van Leeuwen J L and
Dickinson M H 2009 Leading-edge vortices elevate lift of
autorotating plant seeds Science 324 1438–40

[29] Azuma A and Yasuda K 1989 Flight performance of rotary
seeds J. Theor. Biol. 138 23–53

[30] Harbig R R, Sheridan J and Thompson M C 2013 Reynolds
number and aspect ratio effects on the leading-edge vor-
tex for rotating insect wing planforms J. Fluid Mech.
717 166–92

[31] Lentink D and Dickinson M H 2009 Rotational accelera-
tions stabilize leading edge vortices on revolving fly wings J.
Exp. Biol. 212 2705–19

14

https://doi.org/10.1038/nature00844
https://doi.org/10.1038/nature00844
https://doi.org/10.1016/S0022-5193(03)00216-9
https://doi.org/10.1016/S0022-5193(03)00216-9
https://doi.org/10.1038/s41586-018-0604-2
https://doi.org/10.1038/s41586-018-0604-2
https://doi.org/10.1038/s44172-025-00465-8
https://doi.org/10.1038/s44172-025-00465-8
https://doi.org/10.1038/s42003-024-05913-3
https://doi.org/10.1038/s42003-024-05913-3
https://doi.org/10.1038/40817
https://doi.org/10.1038/40817
https://doi.org/10.1017/jfm.2023.209
https://doi.org/10.1017/jfm.2023.209
https://doi.org/10.1103/PhysRevFluids.9.043907
https://doi.org/10.1103/PhysRevFluids.9.043907
https://doi.org/10.1088/0951-7715/25/1/C1
https://doi.org/10.1088/0951-7715/25/1/C1
https://doi.org/10.1007/s10409-022-22111-x
https://doi.org/10.1007/s10409-022-22111-x
https://doi.org/10.1088/1748-3190/aab144
https://doi.org/10.1088/1748-3190/aab144
https://doi.org/10.1126/sciadv.adi8492
https://doi.org/10.1126/sciadv.adi8492
https://doi.org/10.1111/j.1469-185X.1973.tb01569.x
https://doi.org/10.1111/j.1469-185X.1973.tb01569.x
https://doi.org/10.1007/s00348-014-1718-4
https://doi.org/10.1007/s00348-014-1718-4
https://doi.org/10.1016/j.matcom.2008.04.009
https://doi.org/10.1016/j.matcom.2008.04.009
https://%20www.openfoam.com/documentation
https://doi.org/10.1080/104077901753306601
https://doi.org/10.1080/104077901753306601
https://doi.org/10.1016/j.jcp.2005.03.017
https://doi.org/10.1016/j.jcp.2005.03.017
https://doi.org/10.1063/1.4799179
https://doi.org/10.1063/1.4799179
https://physlets.org/tracker/
https://doi.org/10.1126/science.1174196
https://doi.org/10.1126/science.1174196
https://doi.org/10.1016/S0022-5193(89)80176-6
https://doi.org/10.1016/S0022-5193(89)80176-6
https://doi.org/10.1017/jfm.2012.565
https://doi.org/10.1017/jfm.2012.565
https://doi.org/10.1242/jeb.022269
https://doi.org/10.1242/jeb.022269

	Aerodynamic performance of autorotating seeds: scaling by size
	1. Introduction
	2. Mathematical modeling
	2.1. Seed aerodynamics: velocity and force components
	2.2. Fluid dynamics
	2.3. Equations of motion

	3. Methods
	3.1. Numerical methods & model validation
	3.2. Experimental recording

	4. Results
	5. Discussion
	6. Conclusions
	Appendix
	References


