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Abstract
Autorotating samaras have evolved to propagate successfully to their germination sites with the
help of wind. This wind, in turn, is inherently unsteady across an extensive range of scales in the
atmospheric boundary layer. To generate lift, samaras rely on the formation of a stably-attached
leading-edge vortex (LEV) on the suction side of their wings. The kinematics of autorotating
samaras experiencing gusts were examined experimentally in order to provide insights into the
aerodynamic mechanisms responsible for successful propagation. The gust response of seven
mature Boxelder Maple (Acer negundo) samaras was investigated using a small unsteady wind
tunnel able to create vertical gusts. Interestingly, the samaras were found to have a stable tip-speed
ratio (λ) during the gust phase, thus suggesting that the LEV remained stably-attached. Inspired by
samaras, we designed a three-bladed rotor that incorporates key aerodynamic and geometric
properties of samaras so as to exhibit a stably-attached LEV. The gust response of the
samara-inspired rotor was examined using a towing-tank facility. The gust was emulated in the
towing tank by accelerating the rotor from an initial steady speed to a final steady speed. Different
gust intensities were tested by varying the rotor’s normalized inertia number (I∗) by systematically
increasing the rotor moment of inertia (I). Similar to the natural samaras, the rotor exhibited a
robust tip-speed ratio during all simulated gusts. The rotor’s tip-speed ratio increased by a
maximum of 11% and 6% during the slowest and fastest simulated gusts, respectively. By
maintaining a stable tip-speed ratio during the gust, the samara-inspired rotor is thought to
maintain stable LEVs resulting in stable autorotation. Therefore, by learning from the
samara-inspired rotor, we suggest that samaras propagate successfully from their parent trees in
unsteady (realistic) environments in part due to their robust autorotation properties.

1. Introduction

Samara trees rely on wind to disperse their seeds over
large distances so as to ensure successful reproduction
[1]. Samaras, e.g. maple seeds, are made of a thin wing
with a thicker leading edge, and a nut (embryo) on
one end of the seed. When thrown into the air, sama-
ras start to autorotate around their centre of mass
producing large aerodynamic forces in order to sig-
nificantly increase their descent time [2, 3]. A higher
descent time allows the seeds to be carried for much
larger lateral distances by the wind. The resulting
aerodynamic force (lift) is the result of the formation
of stable leading-edge vortices (LEVs) on the suction
side of the rotating seed wing [2, 4, 5]. Consequently,

such seeds fall rapidly once autorotation is stopped
[6]. Since samara seeds propagate effectively in gusty
environments, it is speculated that such seeds possess
unique characteristics allowing for robust autorota-
tion that is resistant to perturbations. Therefore, the
current study characterizes the key unsteady kinemat-
ics of autorotating samaras experiencing generic axial
gusts, with the aim of extracting features for improv-
ing the performance of low-inertia rotor systems in
realistic, unsteady environments.

When considering applications, low-inertia rotor
systems present in quadrotors, micro aerial vehicles,
and small wind and tidal turbines, are sensitive to
perturbations in the incoming flow. For instance,
small wind turbines are known to suffer from reduced
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efficiencies when operating in unsteady wind envi-
ronments [7]. Thus by incorporating aspects of sama-
ras into low-inertia rotor systems, there is potential
to drastically improve performance in unsteady envi-
ronments. For instance, in a previous study, a samara-
inspired rotor was designed by incorporating stable
LEVs by matching tip-speed ratio (λ), aspect ratio
(AR), and the effective angle-of-attack (αeff ) distri-
bution of natural samaras [6]. The samara-inspired
rotor exhibited a constant tip-speed ratio when sub-
jected to axial gusts, suggesting that its performance
was not negatively affected by gusts.

By first revisiting the steady flight mechanisms
of autorotating seeds, i.e. in quiescent environments,
we lay the foundation for the study of seed flight in
complex (unsteady) wind environments. In fact, most
previous studies have investigated the kinematics of
free-falling samaras in quiescent air [1, 8–14]. For
instance, Azuma and Yasuda [10] provided a detailed
analysis of the flight characteristics of different species
of autorotating seeds. Furthermore, Varshney et al
[13] explored the kinematics of free-falling samaras
and their initial transition to a helical motion. Using
high-speed cameras, they were able to track the seed
centre of mass and quantify the descent speed, the
rotational velocity, and the coning angle for sama-
ras with different wing shapes. Moreover, Arranz et al
[14] performed numerical simulations of autorotat-
ing samara models over a range of Reynolds numbers
(80 � Re � 240). It was reported that the seed’s lift
increased with increasing Re, while drag was found
to decrease. It should be noted that we define lift
perpendicular to the relative flow velocity, whereas
drag is defined parallel and opposing the relative flow
velocity.

However, in nature, samaras do not necessarily
fall freely in quiescent air, but instead, are carried to
their germination sites by the wind, which is inher-
ently turbulent (and thus unsteady) most of the time.
In fact, wind gusts help detach the seeds from their
parent trees [15, 16] and catapult them through the
air. A recent study by Ortega-Jimenez et al [3] inves-
tigated the transient behaviour of samaras launched
impulsively using a catapult with high initial veloci-
ties. It was found that initially the seeds had rotational
speeds three times higher than rotational speeds asso-
ciated with free-falling autorotation. Afterwards, the
seeds decelerated rapidly and reached their free-fall
descent speeds within 140–150 ms. Therefore, it was
deduced that samaras can produce very high transient
lift forces when catapulted with high initial speeds
representative of detachment. Ortega-Jimenez et al
[3] evaluated the influence of impulsively launch-
ing the seeds into the air on their autorotation. In
contrast, the current study examines the influence of
wind perturbations on the seed’s subsequent autoro-
tation (once airborne).

The successful propagation of samaras to their
final germination site requires the seed to main-
tain robust autorotation in gusty environments. For
instance, if a gust halts autorotation, the seed will
fall rapidly, failing to propagate far enough away
from its parent tree. The current study experimentally
examines the autorotation of samaras (Acer negundo)
experiencing canonical axial gusts. A small unsteady
wind tunnel is used to investigate their gust response.
Two high-speed cameras captured the seed kinemat-
ics during the highly-reproducible gust. Furthermore,
a samara-inspired three-bladed rotor was designed to
capture the key aerodynamic properties of such seeds
with the goal of improving the unsteady performance
of low-inertia rotors. The gust response of the rotor
was examined by accelerating the model in a towing-
tank facility. Different gust intensities were then
simulated by changing the rotor normalized iner-
tia number [17]. The concept of normalized inertia
number is briefly presented in section 2.1. Beyond
simulating different gust intensities, varying the rotor
normalized inertia number allows us to investigate the
effect of the samara-inspired rotor effective size and
mass on overall gust response.

The following section describes the experimental
methods used in this study. The results are then pre-
sented and discussed in section 3. Finally, the lessons
learned from the robust unsteady performance of the
samara-inspired rotor are described in section 5.

2. Methods

2.1. Gust duration and normalized inertia
number
Gusts are often defined as a sudden change in the
wind speed with amplitudes of 30% to 50% of the
freestream flow [18]. In the current study, gusts are
modelled as ramp functions with varying accelera-
tions. The dimensionless time and gust duration are
denoted by t∗ and t∗g , respectively, and are defined by:

t∗ =
t(Uf − Ui)

2R
, (1)

t∗g =
1

a

(Uf − Ui)2

2R
, (2)

where t is the dimensional time, Ui is the initial steady
flow speed before the start of the gust, Uf is the final
steady flow speed after the end of the gust, R is the
radius of the seed (and the rotor), and a is the gust (or
flow) acceleration. It should be noted that the lower
the gust duration (t∗g ), the faster the effective gust.

The unsteady response of a rotating system is
defined by its moment of inertia (I) as well as the gust
acceleration (a). In a previous study [17], we intro-
duced the normalized inertia number (I∗) that relates
the influence of rotor moment of inertia relative to the
flow inertia, i.e. the gust acceleration. The expression
of I∗ is given by:
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Figure 1. (a) Schematic of the unsteady wind tunnel depicting the locations of the high-speed cameras recording the motion of
an autorotating samara in the test section. (b) Schematic of a samara showing key dimensions. Ω and β are the seed’s rotational
speed and coning angle, respectively. (c) The characteristic gust profile was generated by the unsteady wind tunnel to investigate
samara response (t∗g = 1.5). Note t∗ is the dimensionless time, as defined in equation (1).

I∗ = I
a

ρR4U2
∞

, (3)

where U∞ is the incoming flow speed in the rotor
frame of reference. Equation (3) shows clearly that
I∗ can be increased by either increasing the rotor
moment of inertia, the rotor size (i.e. diameter), or
by increasing the gust acceleration. The speed of the
rotor response, which scales with I∗, determines the
overall rotor performance during gusts. For example,
if the rotor response lags the change in the flow speed,
the rotor tip-speed ratio will decrease during the gust
thus affecting the unsteady aerodynamic effects on the
blades. Therefore, the influence of increasing the rotor
moment of inertia on the rotor gust response is anal-
ogous to that decreasing t∗g instead. Consequently, in
the current study, one samara-inspired rotor is used
to simulate different rotor diameters by varying the
rotor moment of inertia (I). Furthermore, different
gust profiles with different t∗g values are simulated by
varying the rotor moment of inertia (I).

2.2. Wind-tunnel experiments on gust response
of natural samaras
The gust response of natural samaras was investi-
gated using a small unsteady wind tunnel, as shown
in figure 1(a). The wind tunnel uses an array of
nine 12 W fans (Delta PFR0912XHE) installed at the

tunnel’s inlet, followed by a set of flow straighten-
ers and screens to condition the flow. The air is then
accelerated into the test section through a bell-shaped
nozzle (area ratio 5.77:1). The test section has a square
cross-section with an edge length of 11.7 cm, and
is 61 cm long. The instantaneous wind speed in the
test section was measured using time-resolved parti-
cle image velocimetry (PIV). Flow realizations were
sampled at 1000 Hz. The turbulence intensity was cal-
culated from 4000 PIV vector fields at different steady
wind speeds between 1 m s−1 to 6 m s−1. The gust
turbulence intensity was calculated from 20 indepen-
dent runs using a student T-distribution. As a result,
the turbulence intensity of the flow in the test section
was found to be less than 0.2%.

The gust is generated in the test section by
dynamically-controlling the fans so as to acceler-
ate the flow from a given initial steady speed (Ui)
with a constant acceleration. The tested gust profile
(t∗g = 1.5) generated in the wind tunnel is shown in
figure 1(c).

Mature Boxelder maple (Acer negundo) sama-
ras were collected from multiple trees in Kingston,
Ontario. The wind-tunnel investigation was carried
out on seven representative seeds. The collected seeds
have an average radius (R) of 38.62 mm, an aver-
age maximum chord (cmax) of 10.31 mm, an average
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Figure 2. (a) The effective angle-of-attack (αeff ) distribution for the samara-abstracted rotor and a typical samara taken from
Arranz et al [14]. (b) The gust profile (t∗g = 1) simulated by accelerating the rotor model in the towing tank from Ui = 0.8 m s−1

to Uf = 1.2 m s−1.

Figure 3. (a) Schematic of the experimental rig depicting the rotor model and the sensor assembly. (b) Schematic of the
experimental rig installed in the towing-tank facility.

mass (M) of 62.33 mg, and an average free-fall tip-
speed ratio (λ) of 1.96. At the start of each experi-
ment, the air speed in the test section was maintained
to match the descent speed of the samara allowing
the seed to hover at a fixed vertical position for at
least 10–15 s. When the gust was started, the seed
would move upwards while continuing to autorotate.
During the gust, the seed Reynolds number, calcu-
lated based on the chord, were in the range of 1500 �
Re � 2200. The seed’s motion is recorded by two
high-speed cameras (Photron SA4), as shown in
figure 1(a). The high-speed footage is then processed
using a Matlab script to extract the vertical and rota-
tional speeds of the seed throughout each run.

2.3. Towing-tank experiments on gust response
of samara-abstracted rotor
Inspired by samaras, we designed a three-bladed
rotor that captured the key aerodynamic properties
of samaras by matching tip-speed ratio (λ), aspect
ratio (AR), and the effective angle-of-attack (αeff )
distribution of samaras. Consequently, the rotor

exhibited stably-attached LEVs when towed in the
towing tank as shown in a previous study [6]. The
rotor was designed to operate at a tip-speed ratio
(λ) of 4 at an incoming flow speed of 0.8 m s−1,
which is within the typical tip-speed ratio range
(1.5 � λ � 5.5) reported for samaras [10]. Addition-
ally, the rotor blades had an aspect ratio of 3 with-
out twist in order to produce a spanwise distribution
of effective angle of attack similar to that of sama-
ras (figure 2(a)). It should be noted that an aspect
ratio less than 4 is required for LEV stability on rotat-
ing blades [19]. More details on the construction of
the samara-inspired rotor can be found in a previous
study [6].

The diameter of the rotor swept area was 30 cm,
producing a blockage ratio of 7.1% in the towing
tank. The rotor blades had a constant chord and a
SD7003 airfoil profile with Reynolds-number (based
on the chord) independent force coefficients over
the operating range of 60 000 < Re< 300 000 [20].
In the current experiments, the Reynolds number for

4



Bioinspir. Biomim. 17 (2022) 044001 A M El Makdah et al

Table 1. Normalized inertia number (I∗) for various small wind turbines of different sizes experiencing
different wind speeds (U∞) and an acceleration (a) of 1 m s−2. The wind turbines data are taken from
Tang et al [21].

D (m) Prated (kW) I (Kg m2) I∗ × 10−3 [−] (U∞ = 6 m s−1) I∗ × 10−3 [−] (U∞ = 10 m s−1)

1.15 0.4 0.026 5.393 1.942

3.70 3.0 5.550 10.744 3.868

5.10 5.5 24.270 13.016 4.656

6.20 10.0 59.610 14.636 5.269

10.40 20.0 643.710 19.964 7.187

the rotor is in the range of 110 000 � Re � 160 000.
The rotor model was 3D-printed out of acrylonitrile
butadiene styrene plastic with a printing resolution of
0.127 mm.

A custom turbine rig, shown in figure 3(a), was
used to investigate the gust response of the samara-
inspired rotor. The rotor was installed at the end
of the sting, where the rotor’s rotation is trans-
mitted to the sensor assembly through a 1:1 chain.
The rotor speed and torque were measured by a mag-
netic encoder (Baumer® ITD69H00) and a torque
sensor (HBM® T22), respectively. Both sensors
were sampled at 1 kHz. In addition, a servo motor
(ClearPath® CPM-MCVC-2311S-RQN) was used to
help the rotor to start spinning at the beginning of
each test run. No brake was applied in order to ensure
that the rotor operated in autorotation mode.

The turbine rig was tested in the optical towing-
tank facility at Queen’s University. The towing tank
has a 15 m long test section with a 1 m×1 m cross-
section. A roof encloses the test section along its entire
length to eliminate free-surface effects. The roof has a
70 mm wide opening through which to tow the test
article (figure 3(b)). The turbine rig was mounted in
the towing tank such that the rotor axis of rotation is
aligned with the centre axis of the test section.

With a gust duration of t∗g = 1, the gust is sim-
ulated by accelerating the rotor from 0.8 m s−1 to
1.2 m s−1 in the towing tank (figure 2(b)). Different
rotor sizes (diameters) are simulated by increasing the
rotor normalized inertia number (I∗). The test matrix
in the current study was designed to examine differ-
ent samara-inspired rotors with a range of I∗ that is
equivalent to typical commercial small wind turbines
listed in table 1. I∗ was increased by systematically
increasing the rotor moment of inertia (I) through
the addition of stainless-steel disks to the rig shaft,
as shown in figure 3(a). Each disk had a diameter of
100 mm, a thickness of 3.175 mm, and a moment of
inertia equal to half of the rotor’s moment of inertia
(I = 2.45 × 10−4 Kg m2). Table 2 summarizes the test
cases.

Table 2. The towing-tank test matrix used in the current study. I∗

and t∗g are the normalized inertia number and gust duration.

Case I∗ × 10−3 Equivalent t∗g

1 0.81 1.00

2 1.62 0.50

3 2.43 0.33

4 3.24 0.25

5 4.05 0.20

6 4.86 0.16

7 5.67 0.14

3. Results

3.1. Gust response of samaras
The vertical and rotational speeds of the samaras were
obtained from the high-speed footage recorded by
the two cameras (figure 1(a)). The data were then
filtered and smoothed using a low-pass filter and
Savitzky–Golay filter, respectively. The samara coning
angle (β) during the gust was also obtained from the
high-speed footage.

The normalized averaged instantaneous tip-speed
ratio (λ/λi) during the gust for the samaras is plot-
ted in figure 4. The tip-speed ratio is normalized by
the initial steady tip-speed ratio (λi), which is equiv-
alent to the samara’s free-fall tip-speed ratio. Since
the samara moves vertically upwards during the gust,
the relative wind speed (Ur = U∞ − Us, where Us is
the samara’s vertical speed), is used to compute the
tip-speed ratio. During the gust, the average tip-speed
ratio changed by approximately 15%. Therefore, the
tested samaras had a relatively stable tip-speed ratio
during all tested runs.

Furthermore, the average coning angle (β) of the
samaras during the gust is plotted in figure 4. The
average coning angle increased slightly by 2–3◦ dur-
ing the gust. As a result, the spanwise geometric
angle-of-attack distribution did not change consid-
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Figure 4. Instantaneous normalized averaged tip-speed ratio (λ/λi) and the conning angle (β) of the samaras during the gust. λi

is the initial tip-speed ratio prior to the gust. The samaras exhibited a relatively stable tip-speed ratio during the gust. U∞ and Ui

are the wind speed and the initial steady wind speed before the gust in the test section, respectively. The shaded area marks the
precision error at a 95% confidence level.

Figure 5. Instantaneous normalized tip-speed ratio (λ/λi) of the samara-abstracted rotor during the simulated gusts. λi is the
initial tip-speed ratio prior to the gust. The samara-abstracted rotor had relatively stable tip-speed ratio during all simulated gusts.
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erably during the gust. The stability of the tip-speed
ratio and the slight change of the geometric angle-
of-attack distribution during the gust suggest that
the effective angle-of-attack distribution remained
unchanged.

3.2. Gust response of samara-abstracted rotor
The samara-inspired rotor was accelerated in the tow-
ing tank from 0.8 m s−1 to 1.2 m s−1 with a gust
duration of t∗g = 1. Larger rotor diameters and lower
gust durations (t∗g ) were simulated by increasing the
rotor normalized inertia number (I∗), as mentioned
previously. The rotor speed was obtained by averaging
20 independent runs. The data were then filtered and
smoothed using Butterworth and Savitzky–Golay fil-
ters, respectively. The instantaneous normalized tip-
speed ratio (λ/λi) for the test cases, summarized
in table 2, is plotted in figure 5. Interestingly, the
rotor’s tip-speed ratio was relatively stable during the
gust for all different simulated rotor’s diameters. For
the smallest and largest simulated rotor diameters
(lowest and highest I∗), or during the slowest and
fastest simulated gusts (lowest and highest I∗), the
tip-speed ratio increased by only 11% and 6%, respec-
tively. Therefore, the samara-abstracted rotor was
found to exhibit robust autorotation for a range of
rotor diameter equivalent to the existing commer-
cial small wind turbines, and during all the simulated
gusts.

4. Discussion

Samaras are known to take advantage of LEVs so as
to produce large lift forces in order to significantly
increase their propagation [2–5]. When a samara
starts to autorotate, a stable LEV is formed on the
samara’s wing [2, 4, 5]. Without a stable LEV, the
samaras will not produce the necessary lift to carry
their weight, causing them to fall rapidly. Therefore,
a robust autorotation and stable LEV in unsteady
wind environments is essential to ensure the success-
ful propagation. The tip-speed ratio and spanwise
distribution of the effective angle of attack were
identified to be critical parameters for LEV stability
[5, 22]. Since the spanwise angle-of-attack distribu-
tion is determined by the tip-speed ratio, maintain-
ing the latter relatively constant during the gust will
ensure a stable LEV. In the current study, the tip-speed
ratio of the natural samaras remained relatively con-
stant during gusts. Additionally, the coning angle was
found to increase slightly by only 2–3◦. Therefore, the
effective angle-of-attack distribution on the samaras
remained generally unchanged in spite of the gusts.
Since the critical aerodynamic parameters responsi-
ble for LEV stability remain relatively unchanged for
the samara during the gust, samaras are thought to
maintain a stably-attached LEV.

Inspired by samaras, we designed a three-bladed
rotor that incorporates the key aerodynamic and geo-
metric parameters of samaras responsible for LEV
stability. The response of the samara-inspired rotor
was investigated during gusts with varying intensity
using a towing-tank facility. In a previous study by
El Makdah et al [6], the samara-inspired rotor was
shown to exhibit a stably-attached LEV during steady
and unsteady inflow conditions. Similar to the natural
samaras, the samara-abstracted rotor exhibited a rela-
tively stable tip-speed ratio during all simulated gusts.
It should be noted that the samara-inspired rotor is
not a copy of a samara, and therefore, the difference
in the tip-speed ratio trends between the samaras and
the samara-inspired rotor is due to varying geomet-
rical configurations (e.g. number of the blades) and
the difference in operating Reynolds numbers. How-
ever, the flow separation and the formation of LEVs
are generally Reynolds-number insensitive. In addi-
tion, the samara-abstracted rotor exhibited a more
robust autorotation, i.e. minimal change in tip-speed
ratio, as the gust duration decreased. The results of the
current study suggest that the samara-inspired rotor
exhibits a robust autorotation in a broad range of
unsteady wind environments. The stability of the tip-
speed ratio is known to be essential for LEV stability,
which is key for sustaining lift generation [6]. Addi-
tionally, the conning angle of the samaras changed
slightly by only 2–3◦. Therefore, based on the cur-
rent experiments, samaras are speculated to maintain
a stably-attached LEV during gusts, allowing them to
disperse effectively away from their parent tree with
the aid of the unsteady (turbulent) wind fields. Future
studies will be planned to visualize the LEVs on the
samaras during gusts.

5. Conclusions

Experiments were performed on seven Acer negundo
samaras using a small unsteady wind tunnel in order
to examine the autorotation of samaras experienc-
ing canonical gusts. Furthermore, the gust response
of a samara-abstracted rotor was then investigated in
a towing-tank facility so as to explore the influence of
gust intensity in a systematic manner. These gusts here
simulated in the towing tank by accelerating the rotor
from an initial steady speed of 0.8 m s−1 to a final
steady speed of 1.2 m s−1 while varying rotor inertia.

The seven natural samaras, and the samara-
inspired rotor, exhibited relatively stable tip-speed
ratios during gusts. For instance, the tip-speed ratio
of the samaras decreased by less than 11% during
the gust. Furthermore, the rotor’s tip-speed ratio
increased by approximately 11% and 6% during
the slowest and fastest simulated gusts, respectively.
The stability of tip-speed ratio during gusts implies
that the effective angle-of-attack distribution remains
unchanged. Thus, since the aerodynamic characteris-
tics of the samaras are insensitive to gusts, the LEV is
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expected to remain stably-attached ensuring contin-
uous lift generation. In conclusion, the current study
supports the claim that the robust autorotation of
samaras during gusts is responsible for the successful
dispersal of samaras over larger distances in unsteady
(turbulent) wind fields.

Beyond providing insights into the successful
propagation of samaras in unsteady environments,
the current findings present a step forward towards
designing rotor systems best able to operate robustly
in unsteady environments. In particular, small wind
and tidal turbines can benefit from incorporating the
aerodynamic properties of samaras into their design
to maintain their optimal tip-speed ratio passively
without the need for complex maximum power point
tracking control mechanisms. Therefore, a samara-
inspired wind or tidal turbine is proposed for effective
operation in unsteady environments.
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