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Optical maneuvering of dandelion-inspired fliers with 
vortex-enabled stability
Jianfeng Yang1, Soumarup Bhattacharyya2, Aditya Potnis2, Ahmet Gungor2,  
Hao Zeng1*, Ignazio Maria Viola2,3*

Maneuvering untethered, centimeter-scale airborne structures has been a long-standing challenge. Active 
flight systems, relying on high-power-density actuators alongside mechanical and electronic components, are 
constrained by critical limitations in energy delivery and miniaturization. In contrast, passive systems transported 
and distributed by the wind typically lack the capability for mid-air controlled maneuverability. Here, we report an 
ultralight (1.2 milligrams) hexagonal polymeric assembly capable of passive �ight with optical control of its trajec-
tory. This dandelion-inspired drone, dandidrone hereafter, incorporates six radially arranged �lamentous struc-
tures, of which morphology is dynamically controlled through photomechanical deformation by six independent 
soft actuators made of liquid crystalline elastomer thin �lms. Compared to the diaspore of the dandelion, dandi-
drones demonstrate a similar terminal velocity (�0.5 meters per second), 45% better positional stability and near-
ly zero rotational rate (1.68�–�1.0° per second; natural seeds: 50.8�–�17.7° per second). Particle image velocimetry 
and computational �uid dynamics simulation reveal that a stable asymmetric separated vortex ring underlies 
its �ight stability, enabling mid-air steerability. When free-falling in a low-turbulent airstream, the light-driven 
hexapodal �iers demonstrate precise altitude control, reversible body �ipping, pattern formation, interactive 
swarm, and controlled trajectories across the three-dimensional space. The results show that responsive materi-
als with light-induced asymmetry can bring about maneuverability in air, paving the way for agile, untethered 
controlled micro�iers.

INTRODUCTION
Micro- and nanodrones have undergone a transformative evolu-
tion, progressing from rudimentary motor-driven prototypes (1) to 
advanced piezoelectric (2) and dielectric-actuated systems (3) and, 
ultimately, to sophisticated platforms using novel actuation par-
adigms (4�7). �is developmental trajectory has been driven by 
interdisciplinary advancements spanning engineering innovations, 
insights from biological �ight strategies (8,�9) and materials sciences 
(6,�10,�11). Among these, active drones that rely on onboard actua-
tors or propulsion units for thrust and maneuverability represent a 
pinnacle of engineering miniaturization (12,�13). However, they are 
limited by the need for high power density and the complexities of 
mechanical transduction (5). To meet their power demands, these 
systems o�en resort to tethered setups that undermine steerability 
and operational range (4,�5,�8). Moreover, achieving compact integra-
tion of power units, control electronics, and actuation elements limits 
the development of agile, untethered drones with autonomous �ight 
capabilities (14,�15).

In contrast, nature offers an energy-efficient alternative for 
centimeter-scale �ight: Wind-dispersed seeds are passively transport-
ed and distributed by the wind and remain airborne without relying 
on active propulsion (16,�17). For example, maples exploit autorota-
tion to generate li� and decrease the terminal velocity (18,�19), where-
as dandelions exploit a highly porous �lamentous pappus to form a 
separated vortex ring (SVR) (20) associated with enhanced drag. �e 
maple�s li� and the dandelion�s enhanced drag allow these diaspores to 
fall slowly and be upli�ed by turbulent updra�s, remaining a�oat for 

hours and being transported for hundreds of kilometers (21,�22). �e 
intrinsic e�ciency of these passive locomotion mechanisms circum-
vents many of the energy issues that limit active systems while simpli-
fying design, reducing structural size and weight (6,�23�29).

Notwithstanding the abovementioned advantages, achieving con-
trol in passive �ight presents critical engineering challenges. �e 
principal limitation resides in enabling untethered morphology con-
trol to attain precise maneuverability within the three-dimensional 
(3D) space while retaining aerodynamic stability and control of the 
trajectory. Rapidly deformable, light-responsive materials have been 
demonstrated to enable takeo� and landing actions (26,�30), but ef-
forts to extend this maneuverability to sustained aerial navigation 
have been hampered by the instability issue. �e relatively low iner-
tia of these devices compared to heavier powered drones o�en re-
sults in erratic motion patterns, including nonstop spinning and 
large-scale oscillations (26), thereby complicating the maintenance 
of a stable �ight path.

RESULTS
System concept
Here, we report a dandidrone with unprecedented aerodynamic sta-
bility and steering capability.�Figure�1A shows the hexapodal �ier 
inspired by the radially distributed porosity of the pappus of the 
dandelion�s diaspore. It features six centro-aligned robotic arms made 
of arti�cial muscles. Each arm is uniformly tipped with nine biomi-
metic �laments made of fabric �ber. To achieve untethered light ac-
tuation, a liquid crystal elastomer (LCE) (31,�32) strip is used as 
an arti�cial muscle to induce mechanical deformation. �e details of 
design, photothermal actuation mechanism, and optical properties of 
LCE are reported in note S1 (�gs.�S1 to S17). �e six centro-aligned 
LCE arms design was optimized through a systematic increase in 
mid-air stability and actuation e�ciency. Two/four-arm designs 
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enabled basic takeo� control but exhibiting instability in mid-air 
(�g.�S3). Elevating the number of actuator arm enhances the sym-
metry, improving the stability (�g.�S4); however, the reduced spacing 
between adjacent arms poses hurdles on individual actuation. �e 
six-arm design therefore represents an optimal solution for this study. 
In the present system, the light-responsive actuator exhibits a block-
ing force of 0.5 to 3 mN (�g.�S11), a response time of �1 s (�g.�S12), 
a power density 0.11 W�kg�1, and an energy conversion e�ciency on 
the order of �3�×�10�6 (�g.�S13).

Alike the �lamentous pappus of the dandelion diaspore (�g.�S17), 
the hexapodal structure enables the generation of an SVR (Fig.�1, B 
and C) that enhances the aerodynamic drag and diminishes the ter-
minal velocity, �� (in the closed state, �� = 0.73�–�0.04 m�s�1; in the 
open state, �� = 0.44�–�0.02 m�s�1; for the natural dandelion diaspore, 
�� = 0.5�–�0.05 m�s�1). Details of the SVR are reported in note S2 
(�gs.�S18 to S26). �e drag coe�cient (CD) of dandidrones within a 
range of sizes (diameter d from 1.5 to 3 cm) and weights (from 1.12 to 
4.02 mg) were evaluated through drop tests in quiescent �ow (details 
in �g.�S27 and Materials and Methods). �e opening angle � between 
�laments at opposite ends can be controlled by varying the excitation 
light intensity, yielding to a reduction in �� by more than 2/3 when 
�laments are turned from closed (vertical, ��=�0°) to open (horizon-
tal, ��=�180°) (�g.�S28). Furthermore, the tenable initial curvature of 
the LCE allows it to be programmed into either a curved or �at con-
�guration (33). �is design �exibility enables the dandidrone to adopt 
two distinct initial structural states: a closed or open con�guration. 
Light-triggered ascent or descent can be achieved through variations 
in CD and �� by morphing the drone structure (�g.�S29).

To investigate the aerodynamics of the dandidrone, a bespoke 
vertical wind tunnel (�g.�S30) was built to produce a uniform upward 
air�ow matching the terminal velocity, so that the dandidrone hovers 
at a constant height in the wind tunnel (Materials and Methods). 
Dandidrones with any � exhibit remarkable stability as compared to 
natural seed diaspore (�g.�S31). �e stability metric is evaluated by 
the SD (�) of the horizontal (Y) and vertical (Z) position over a 1-s 
time interval measured at 25 Hz. Speci�cally, whereas the natural 
dandelion diaspore exhibits ��=�0.028 cm (Z axis; n�=�10 indepen-
dent biological repeats), the dandidrone shows ��=�0.016 cm (Z axis; 
n�=�5 repeated measurements of the same sample), i.e., 45% less than 
the natural counterpart (�g.�S31). Furthermore, the dandidrone has 
ultrahigh angular stability around its vertical axis compared to 
the dandelion diaspore. Whereas the spinning rate of the dandelion 
diaspore is 50.8�–�17.7° s�1 (n�=�10), that of the dandidrone is only 
1.68�–�1.0° s�1 (n�=�5; �g.�S32). �e stability of airborne position and 
a nearly zero spin are the key prerequisites for enabling complex, mul-
timode motion control, which will be illustrated later.

Particle image velocimetry (PIV) is used to measure the �ow �eld 
around the dandidrone (Materials and Methods). For convenience, 
PIV measurements are taken with the dandidrone kept �xed at a 
constant position and with the wind tunnel velocity set at the terminal 
velocity observed with a free-falling dandidrone. We demonstrated 
that the shape and size of the SVR, which is a toroidal vortex in the 
wake, can be controlled through the opening angle � and by induc-
ing asymmetry in the �lamentous structure (34,�35) (Fig.�1, B and 
C). Details of aerodynamic measurement are reported in note S3 
(�gs.�S27 to S32). �e SVR size grows with increasing opening angle, as 

Fig. 1. System concept. (A) Schematics of the dandidrone and that of its light-driven arti�cial muscle when the external illumination is on and o�. The dandelion image 
in the bottom-left corner of (A) is a real photograph taken in the laboratory. Ratio of the magnitude of the time-averaged vertical �ow velocity ( ��  ) and that of the termi-
nal velocity ut on a vertical plane through the center of the dandidrone for an opening angle: (B) ��=�180° and (C) ��=�120° (asymmetric con�guration). Light-induced 
(D) upward and (E) sideward displacement of the dandidrone. The wind tunnel speed in (D) and (E) is 0.6 m�s�1. (F) Upward (blue) and rightward (red) trajectories corre-
sponding to (D) and (E), respectively, with their time evolution presented in the insets. Scale bars, 0.5 cm. The light intensity is 700 mW cm�2.
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revealed by the increasing distances between both its nodes and the 
saddle points on a vertical section across its center (�g.�S25). Uniform 
illumination induces structural opening in an initially closed dandi-
drone (Fig.�1D and movie S1), resulting in a larger SVR and higher 
drag, and thus upli�ing the dandidrone in the wind tunnel (displace-
ment data in�Fig.�1F). Light-induced vertical motion in both con�gura-
tions is observed in detail for various light intensities (�gs.�S33 to S35).

Moreover, impulsively providing a light excitation on one side of 
the dandidrone results in the illuminated �lament group opening 
abruptly, generating a lateral force propelling the dandidrone away 
from the light, as shown in�Fig.�1 (E and F) and in movie S2. De-
tails of asymmetric shape-morphing (�g.�S36), lateral moving speed 
(�gs.�S37 and S39) and light intensity threshold (�gs.�S38 and S40) 
reveal the trajectories and the variation in locomotion speed of the 
dandidrone at di�erent light intensities.

Airborne stability
For a dandidrone in steady fall, the weight (W) is balanced by the 
aerodynamic drag (D), which increases with increasing velocity 
(Fig.�2A). To ensure high endurance, the mean terminal velocity must 
be as low as possible. Furthermore, the stability of the wake, and that 
of the SVR in particular, ensures that the dandidrone falls steadily, as 
opposed to chaotically, �attering, tumbling, etc. A steady fall is a crit-
ical requirement for precise steerability. To this end, we have opti-
mized the total number of �laments as �lament density controls both 
porosity and e�ective permeability of the structure. To illustrate how 
�lament number a�ects �ight stability, we present computational 
�uid dynamics (CFD) simulations of �ier wakes across varying per-
meabilities. In our model, the dandidrone consists of a central hexa-
pod surrounded by a permeable disk representing the �laments. �e 
disk�s permeability is related to its average porosity and is therefore 
inversely related to the �lament count; this is quanti�ed using a non-
dimensional Darcy number Da. To examine the e�ect of �lament 
number, and thus permeability, on wake stability and its impact 
on �ier dynamics, we performed simulations across a range of Da 
values. Speci�cally, Da�=�10�6 represents an e�ectively impermeable 
disk corresponding to a �ier with a very large number of �laments. 
�e case with Da�=�10�1 represents a hexapod with only a few �la-
ments. Last, Da�=�10�3 corresponds to optimal permeability and an 
intermediate number of �laments alike the one we adopted in the 
physical structure. �e source of vortex shedding is a strong shear 
layer in the impervious disk and the hexapod with few �laments; this 
is evident from instantaneous streamlines showing asymmetric or 
chaotic wakes (�g.�S18, A and C). �e intense shear layer is unstable 
and rolls up into large-scale vortices that are shed in the wake, re-
sulting in classic vortex shedding. �is leads to nonzero, oscillating 
instantaneous aerodynamic pitching moments ( ��

� ) on the �iers 
(�g.�S18D), which cause unstable free fall as observed experimental-
ly. For the intermediate Da�=�10�3 (�g.�S18B), representing an opti-
mal �lament count, moderate permeability allows �ow bleed-through 
that reduces velocity gradients in the hexapod-generated shear layer. 
�is results in the less intense, and more stable shear layer, producing 
symmetric streamlines with a pronounced steady vortex ring. �e 
stabilized wake yields near-zero pitching moments and balanced lat-
eral forces on dandidrones with SVR stabilization, enabling steady 
descent. Isosurfaces of Q-criterion (�g.�S19 and movie S3) further 
illustrate that only �iers within an optimal Da range, and thus opti-
mal �lament numbers exhibit steady wakes with stable SVRs. �ese 
�ndings are con�rmed with experimental drop tests (�g.�S20). Fliers 

with only a hexapod or very few �laments fall irregularly due to 
insu�cient stabilization of shear layers; conversely, those with too 
many �laments exhibit chaotic descent due to strong vortex shedding. 
Only �iers within an optimal �lament range (e.g., 30 to 54 �laments) 
demonstrate consistently steady descent. Furthermore, to investigate 
the stability of the SVR, contours of instantaneous vertical velocity 
and streamlines on a vertical plane through the dandidrone�s center 
are taken at di�erent time instants (Fig.�2, B to D). �e small dif-
ferences in the �ow �elds at di�erent times con�rm that the SVR is 
stable, similar to that of the dandelion diaspore. �e SVR stability 
persists regardless of variations in the opening angle for both sym-
metrically oriented models (�g.�S24) and asymmetric con�gurations 
(36) (Fig.�2, E to H).

As a control,�Fig.�2 (J to L) displays contours of instantaneous 
�ow speed and streamlines for a fully open symmetric dandidrone 
incorporating an impervious, 1-cm-diameter disk at its center (37,�38) 
(Fig.�2I). Unlike the consistent wake topology observed in the dan-
didrones, the disk�s wake is unstable, resulting in periodic vortex 
shedding under the same velocity conditions (movie S4). �is is evi-
dent by the low amplitude of the time series of the vertical velocity 
measured one diameter downstream of the dandidrone with two 
di�erent opening angles compared to the large amplitude oscilla-
tions of the vertical velocity in the wake of the dandidrone with the 
added disk (Fig.�2M). Quantitative analyses of vorticity and detailed 
comparison between symmetric and asymmetric dandidrones, as 
well as hexapodal cores without �laments and impervious disks, are 
given in �g.�S26 and movie S4. �ese �ndings underscore the piv-
otal in�uence of the permeability and structural asymmetry on the 
vortex dynamics.

3D locomotion
Here, we demonstrate the multimodal maneuvering of dandidrones 
in the 3D space. First, the control of the vertical position of a sym-
metric dandidrone free �ying in a uniform constant upward �ow 
stream is demonstrated, facilitated by the photomechanical change 
in the opening angle. �e altitude Z can be controlled by actively 
switching on and o� the light to symmetrically increase and decrease 
the opening angle, respectively (Fig.�1F). However, if a constant il-
lumination is provided below the target altitude (Z0) and obscured 
above that height, the dandidrone would automatically settle at the 
target altitude Z0. �is procedure, which is demonstrated in�Fig.�3 (A 
and B), allows positioning the dandidrone at a certain height without 
actively controlling or tracking its position. Consider an initially 
closed dandidrone in the illuminated region (Z�<�Z0). It opens be-
cause the provided illumination causes the opening angle and the 
drag to increase, and thus it moves upward. When it passes the target 
height (Z�>�Z0), it is out of the light beam, and thus the structure 
closes, reducing the drag and making the dandidrone to move down-
ward toward the target position (Fig.�3C). Overall, the dandidrone 
moves upward when below Z0 and downward when above it, result-
ing in a vertically oscillatory kinematics near the desired altitude, 
which serves as a tenable upper or lower bound depending on the 
initial con�guration (Fig.�3D and �gs.�S41 to S43).

A high excitation light intensity causes the opening angle to ex-
ceed 180°. �e resulting equilibrium position is unstable because the 
center of gravity is above the aerodynamic center, and thus the dan-
didrone undergoes a spontaneous �ipping to bring the center of 
gravity below the �laments [Fig.�3 (E and F) shows the schematic 
drawing and snapshots of the �ipping motion, respectively; more 
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Fig. 2. Stability of the SVR. Schematics and instantaneous �ow �elds of (A to D) the symmetric dandidrone con�guration with an opening angle ��=�180° (fully open 
con�guration), (E to H) the asymmetric con�guration with ��=�120°, and (I to L) the fully open dandidrone (��=�180°) with the addition of a 1-cm-diameter disk at its cen-
ter. The instantaneous �ow �elds show the contours of the ratio of the magnitude of the instantaneous vertical �ow velocity (uz) and that of the terminal velocity and the 
streamlines constrained on the vertical plane through the center of the dandidrone for three instants, each at one convective period apart (tut/d�=�1, 2, and 3). (M) Time 
series of the velocity magnitude one diameter downstream of the center of the model for the three con�gurations. Scale bars, 0.5 cm.
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details are shown in movie S5, and the tracking of trajectory is 
shown in �g.�S44]. �e shape-morphing induced instability can 
be qualitatively assessed by tracking the opening angle � (inset 
of�Fig.�3G). �e dandidrone �ips as � reaches 260° at 3.5 s. �ereaf-
ter, � stabilizes at �220°; the light now illuminates the opposite side 
of the drone. (Fig.�3G). A�er ceasing the light, the dandidrone �ips 
back and returns to its original con�guration. �e �ipping is pre-
dictable and repeatable, as demonstrated by a series of 11 successive 
cycles in �g.�S45.

Whereas the above 1D maneuvers concern only the vertical di-
rection, 2D maneuvers on the horizontal X-Y plane are presented in 
the following. Uneven light excitations between arm segments in-
troduce an asymmetric deformation. �is allows targeting any posi-
tion in the horizontal plane, as schematically illustrated in �g.�S46. 
Speci�cally, selective illumination of the le� or right three-legged 
segments results in translational motion toward right or le�, where-
as targeting the front or rear segments enables movement backward 
or forward (Fig.�4A). �e light spot position was manually con-
trolled following the �ier navigation, during which the light inten-
sity the �ier receiving is dynamic. �e horizonal �ight needs to be 
activated by an excitation above the intensity threshold upon the 
light onset (�gs.�S38 and S40), followed by a continuous �ight dic-
tated by the translational speed of the light spot (�g.�S47). �e �ier 
velocity increases with the scanning speed of the light source. No-
ticed that, during the horizontal translocation, the �ier has high 
stability in both orientation (nonspinning) and vertical position 
(�g.�S48). �e �ne-tuning of the 2D positioning among �ve individ-
ual dandidrones to form the shape of the letter �A� is demonstrated 

in�Fig.�4 (B and C) and movie S6. Airborne patterns forming the 
letters �A,�, �B,� and �C� are reported in�Fig.�4D and �gs.�S49 to S51.

Mutual attraction was observed when two dandidrones are at a 
distance lower than 3 cm, which is equivalent to one dandidrone�s 
diameter. A�er interacting, two dandidrones form a cohesive unit 
that can subsequently be controlled like a single unit (Fig.�4, E and 
F, and movie S7). �is cluster exhibits approximately the same ter-
minal velocity and stability as an individual unit. Owing to the 
shift in the overall center of mass a�er aggregation, the cluster ex-
hibits a characteristic orbital motion in the horizontal plane with 
slow speed about 0.47 cm s�1 (�g.�S52). Despite this lateral revo-
lution, the vertical (Z-direction) positional fluctuations and ter-
minal velocity remain comparable to those of an individual �ier, 
indicating preserved flight stability (fig.�S53). Notably, the trajec-
tory can be controlled by manipulating just one dandidrone in-
side the cluster, thereby enabling synchronized motion of the swarm 
(Fig.�4G and �g.�S54). �e 2D trajectory control of swarms of three 
dandidrones and the stability during the flight are reported in 
�gs.�S55 to S57.

Last, complex 3D trajectories are demonstrated, where the dandi-
drone is steered in di�erent horizontal directions by choosing which 
of the six robotics arms is actioned (Fig.�4H). By manual handling of 
an optical �ber head inside the wind tunnel, a dandidrone is steered 
to ascend to a prede�ned height, perform a smooth lateral transla-
tion, and subsequently descend near its original position (Fig.�4, I 
and J, and movie S8). �e 3D steering with trajectory control across 
three distinct target altitudes is shown by the representative paths 
in�Fig.�4K (�gs.�S58 and S59).

Fig. 3. 1D locomotion of the dandidrone. (A) Schematic drawing of the dandidrone with an optically set low-altitude limit. (B) Time history of the Z coordinate of the 
dandidrone from the axis of the laser beam. (C) Snapshot images of the dandidrone�s self-regulating opening angle while oscillating around the height limit. Terminal 
velocity without illumination: 0.8 m�s�1. (D) Minimum height of the dandidrone for di�erent light intensities in a wind tunnel speed of 0.5 m�s�1. (E) Schematic of the light-
controlled �ipping motion of the dandidrone. (F) Snapshots of the �ipping motion of the dandidrone. (G) Time evolution of the opening angle � during the �ipping 
process. Wind tunnel speed: 0.6 m�s�1. Light intensity: 650 mW cm�2. Scale bars, 5 mm.
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DISCUSSION
Previous dandelion-inspired photoresponsive �iers primarily rely on 
globally symmetric deformation of �lamentary pappus structures, 
which allows tuning of the drag and terminal velocity but restricts 
movements to the vertical direction (30). �is work introduces a dis-
crete, multiarm architecture with independently actuated LCE mus-
cles, which enable programmable asymmetric deformation, allowing 
2D and 3D �ight control that maintains the high level of �ight stabil-
ity. Rather than invoking a new aerodynamic mechanism, this design 
provides a means to actively manipulate the wake structure, enabling 
the formation of a stable and steady wake while independently con-
trolling vertical and horizontal aerodynamic forces. Although we 
have achieved an agile maneuvering over the 3D space (Fig.�4, I to K), 
asymmetric deformation of the dandidrone inevitably results in ver-
tical drift (figs.�S60 and S61). This is because asymmetric defor-
mation alters the drag, leading to either an upward or downward 

movement. �is reduces the capacity for 3D steering (Fig.�4, H to J) 
along a precise trajectory.

Integrating a stimulus-response material with passive �ight mech-
anisms represents an e�ective approach to control the �ight of insect-
scale �iers that are passively transported and distributed by the wind 
(39). We compared our actuator with representative driving sys-
tems recently reported for �ying robots (table�S1). For active �iers�
the mechanical movement must produce su�cient li� to overcome 
gravity�an actuator with high power density is required. For pas-
sive �iers, because the wind energy becomes the driving force to sus-
tain the motion in the mid-air, an actuator only needs to provide the 
minimal shape-morphing to induce the change of geometry, conse-
quently triggering the translocation. It is worth noting that, optical 
actuation o�ers unique advantages in robotic �ight, such as unteth-
ered control and wireless powering. Using light beam eliminates the 
need for onboard power supplies or complicated electronic circuits, 

Fig. 4. Agile maneuvering of the dandidrone. (A) Schematic of the light-controlled 2D locomotion in the horizontal X-Y plane. (B) Image of �ve dandidrones steered on 
the X-Y plane to reach the vertices of the letter �A.� (C) Trajectory of two dandidrones steered to form the �A� shape. (D) Time histories of the Y (top) and X (bottom) coordi-
nates of sample 1. (E) Schematic drawing of the clustering between two dandidrones. (F) Snapshots of dandidrone pairs controlled by light. (G) Trajectory of two 
dandidrones in the X-Y plane. (H) Schematic of the 3D trajectory of the dandidrone. Superimposed images of the dandidrone performing light-controlled 3D locomotion 
from the (I) front view and (J) side view. (K) 3D trajectory of the dandidrone with projections onto the X-Y, X-Z, and Y-Z planes. Wind tunnel speed: 0.6 m�s�1. Light inten-
sity: 700 mW cm�2. Scale bars, 0.5 cm.
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