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For flying insects, the transition from flight to surface locomotion requires effective touchdown maneuvers that

allow stable landings on a variety of surfaces. Landing behaviors of insects are diverse, with some using more
controlled flight approaches to landing, whereas others dampen collision impacts with parts of their bodies. The
landing approaches of real insects inspired our current work, where we present a combined mechanical and con-
trol approach to achieving safe and accurate landings for flapping-wing microaerial vehicles. For the mechani-
cal approach to landing, we took inspiration from the legs of the crane fly, designing lossy compliant legs that
maximize energy dissipation during surface collisions. We explored three features in the compliant leg design: leg
stance, number of joints, and joint placement. For the control approach to landing, the challenge lies in overcoming
the aerodynamic ground effect near the surface. Leveraging the compliant leg design during impact, we designed
the preimpact behavior, drawing inspiration from insect landing trajectories, to increase landing success. The
proposed controlled landing sequence includes an initial acceleration from hovering, followed by deceleration
toward the target, ending with a nonzero impact velocity, similar to what is observed in insects. Last, using an
insect-scale flapping-wing aerial microrobot platform (Harvard RoboBee), we verified the controlled, safe, and

accurate landing on natural terrain.

INTRODUCTION

For flying insects, successful transitions between aerial and terres-
trial environments are a necessary function of daily life. Because
flight has high energetic costs, insects must restore these losses by
efficiently transitioning from air to substrates where they can rest or
feed (I, 2). Landing behavior among insects is diverse, with some
species displaying more controlled flight strategies such as hovering
or grazing to gradually decelerate as they touch down on a surface
(3-6). However, other insects use more aggressive maneuvers, such
as accelerating or crash-landing onto substrates (7-9). An impor-
tant theme within insect landing research is the role of compliant
legs in touchdown. Although the importance varies depending on
approach velocity (for example, during acceleration versus decelera-
tion), insect legs are usually extended before surface contact to ab-
sorb impact and allow engagement of tarsal attachment devices such
as claws or adhesive pads (2, 4, 5). For example, Smith ef al. (9) ex-
amined the landings of mosquitoes (Aedes aegypti) and observed
that deceleration only occurred when certain appendages touched
the surface. The long forelegs and proboscis essentially acted as
dampers, dispersing impact force, sometimes causing the mosquito
to bounce before reengaging with the surface.

For insects, diverse landing strategies may be a result of trade-
offs between morphology, substrates, and ecology, but insights into
these mechanisms provide engineers with inspiration for produc-
ing more robust and adaptable aerial robots. For example, the ben-
efits of compliant landing gear have already been explored across a
range of kilogram-scale rotary-wing aerial robots (10-12); however,
their importance for insect-scale flapping-wing microaerial vehi-
cles (FWMAV3s) remains largely unexplored (13). For smaller aerial
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robots, effectively distributing impact forces through a more passive
means would be highly beneficial because weight restrictions may
place limitations on the complexity of any “leg-like” structures or
landing gear (2, 14). In addition, softer transitions from air to land
would benefit insect-scale FWMAV3, given that many are powered
by small, delicate actuators that are easily fractured by external forces
such as piezoelectric and electromagnetic actuators (15-17). Where-
as prior work has used alternative actuation methods for FWMAVs,
for example, soft dielectric elastomer actuators have demonstrated
robustness for various collision scenarios (17), the wings of insect-
scaled FWMAUVs are also particularly vulnerable to damage from
crashes. We therefore sought lightweight compliant legs that pro-
mote safe landings by absorbing impact energy and, thus, protect
more delicate parts of the vehicle.

To test the role of passive joints and overall leg compliance, we
built on an existing insect-scale FWMAYV platform, the split actua-
tor variant of the Harvard RoboBee (18). The RoboBee is a 100-mg
FWMAV with a 30-mm wingspan that is powered by piezoelectric
bimorph actuators that drive a high-frequency flapping-wing mo-
tion to generate thrust (at a flapping frequency of ~170 Hz). Using
a geometric controller, sufficient control authority has been dem-
onstrated to overcome previous limitations for yaw control au-
thority of the RoboBee with only two wings (19). However, despite
increased control authority, the task of landing is still difficult be-
cause of the generation, shedding, and subsequent interaction with
vortices that also interact with nearby surfaces when hovering at low
altitudes, known as the ground effect. The ground effect exacerbates
the vehicle’s already unstable dynamics and makes it difficult for the
vehicle to safely and accurately land at a target position on a surface.
This is further exacerbated by nonplanar, compliant, and dynamic
surfaces, as we would expect in natural settings (14, 20). To achieve
safe and accurate landing with the RoboBee, we took inspiration
from a group of large, flying insects known as crane flies (order Dip-
tera). Crane flies have a body morphology similar to that of their
close relatives, the mosquitoes; however, their body size is often of a
scale (wingspan, body length) similar to that of the RoboBee family
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(21, 22). Similar to mosquitoes, crane flies have long legs relative to
their body size that may serve as dampers to dissipate energy during
landing impacts (9, 23). Furthermore, crane flies have relatively weak
flight capabilities, which results in frequent landings on a variety
of surfaces (23, 24). The crane fly’s potential leg damping properties
and their ability to land on a variety of surfaces are desirable features
for FWMAVs and could provide a mechanical solution for robustly
achieving safe and accurate landings. Previous leg designs for the
RoboBee consisted of four rigid carbon fiber sticks of arbitrary length
and placement for the sole purpose of standing the vehicle upright.

In this work, we took a more methodical approach to designing
landing gear for FWMAVs by taking inspiration from different
leg features as observed on crane flies. The leg features that were
explored as a part of our design study included leg length and stance,
viscoelastic materials for compliant leg joints, number of leg joints,
and leg joint placement. We sought to understand which design pa-
rameters maximize energy dissipation during landings to improve
landing safety. As a secondary motivation, we also aimed to mini-
mize horizontal drift in position during landings to improve landing
accuracy. Last, to complement the resulting inspired leg design, we
introduced an updated adaptive controller and demonstrated safe
and accurate landing, overcoming perturbations from the ground effect
and irregularities of natural terrain.

RESULTS

Ground effect in controlled hovering flights

Conventionally, in larger, human-scale vehicles, the ground effect,
an enhanced lift force when flying near a surface, was well studied
for fixed-wing aircraft with forward translational motion and for
hovering rotary-wing aircraft (25-27). As the vehicle moves away
from the ground, a notable reduction in the ground effect is also
observed for hovering rotary-wing vehicles at a height of approxi-
mately the diameter of the rotary wing (27). Similarly, the existence
of the ground effect for flapping-wing vehicles has been shown us-
ing both simulation and experimental studies. In two-dimensional
(2D) simulation studies, the ground effect clearance altitude was
found to be two or three chord lengths (28). A second study involv-
ing a hovering vehicle with a flexible tail found that the clearance
altitude is less than two chord lengths (29). On the other hand, the
fountain effect, defined as an upward flow acting on the lower part
of the body, was found in a 3D simulation, showing that an altitude
of two chord lengths produces substantial ground effect when com-
pared with an altitude of 15 chord lengths [which was defined as
out-of-ground effect (30)]. The fountain effect was experimentally
verified in hovering conditions near the ground by flapping the wing
on a fixed stand with individually actuated wing stroke and pitch
degrees of freedom (31, 32). In these prior works, the border be-
tween in-ground effect and out-of-ground effect regions was not
identified; these studies, instead, focused on the magnitude of the
ground effect near the surface.

In the prior ground effect studies discussed above, the wing pitch
(rotation) and wing stroke motions were directly controlled to fol-
low sinusoidal trajectories, whereas wing rotation in the RoboBee is
not directly actuated (15, 17, 33). Instead, the wing dynamics rely
on passive rotation, and the rotational dynamics are a nonlinear
function of wing velocity [with wing velocity being the parameter
directly controlled (34); see movie S7 for a video showing passive
wing rotation of the RoboBee].
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The Harvard RoboBee offers an exemplary physical model to
experimentally study the ground effect at the insect scale. The recent
achievement of full attitude control for the RoboBee enables en-
hanced precision during hovering (19) while maintaining the head-
ing angle, which is known to be the most challenging axis to control
in the FWMAV literature (35). However, the controller was designed
with the assumption that the FWMAYV operates without any distur-
bances (no ground effect) or model parameter uncertainties. Thus,
similar performance is not guaranteed while the vehicle is subject to
the ground effect. Therefore, an adaptive controller was developed,
extending our previous controller with the ability to compensate for
model uncertainties and constant external disturbances. For exam-
ple, a set of controlled hovering flight experiments using both
nonadaptive control from (19) and the updated proposed adaptive
controller was performed at a height of four wingspan lengths
(avoiding the ground effect). A comparison of the performance of
adaptive versus nonadaptive control is shown in Fig. 1C, which dem-
onstrates improved lateral control accuracy by compensating for model
uncertainties (see movie S6 for a video showing the improved lateral
accuracy when using adaptive control). Depending on the target
altitude, our result shows that the adaptive controller commands
different thrust values, which offers an opportunity to quantify the
ground effect. Details of the adaptive tracking controller design are
described in the “Adaptive tracking controller design” section of the
Supplementary Materials.

To quantify the ground effect, we first defined a metric that
is a function of the dimensionless normalized height ratio (H) with
respect to the wingspan of the vehicle. Let the height ratio be
defined by

h

cop
I

wing

H= (1)

where heop is the distance between the landing platform to the me-
dian point of the wing roots (Fig. 2D), an approximation of the aver-
age center of pressure (COP) location between the two wings, and
Lwing is the wingspan of the vehicle, measured to be 30 mm. The
dimensionless height ratio is commonly used to define when the
vehicle is in- or out-of-ground effect. Prior 3D computational
studies of the ground effect for flapping-wing flight predict that an
in-ground effect, with an 8% enhanced cycle-averaged lift force, oc-
curs at H = ~0.8, relative to the case when H is 5.2, denoted as out-
of-ground effect (30).

In this study, the difference between commanded thrust over vary-
ing height ratios H (Fig. 1, A and B) was used to identify the inten-
sity of the ground effect as a function of H. We define the ground
effect ratio, G, by

avg

T,
G=|(1-
(-

max

> x 100 % @)
where T,y is the commanded average thrust force of the vehicle at
the hovering altitude and T,y is the maximum commanded thrust
force of the vehicle taken over all hover experiments with various
height ratios including around H = 2.7 (see Fig. 1A for the hovering
height), which are interpreted as out-of-ground effect region in (32).

A total of 27 controlled hovering experiments were performed
over the range H € (0.5, 3), as shown in Fig. 1A and movie S1. In our
experimental controlled flight study, a gradual change in the ground
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Fig. 1. Study of the ground effect. (A) Hovering flight experiments at different altitudes for studying the ground effect. The height-to-wingspan ratio is shown at the top.
(B) Plot of the ground effect ratio (Eq. 2) as a function of the height-to-wingspan ratio (Eq. 1). The intensity of the ground effect is divided into three regions: strong (above
7%), weak (above 4%), and weakest (below 4%). The average and SD of the ground effect ratio within 2 s of hovering experiments (sample size N = 20,000) are shown with
the dark circle and error bar, respectively. [(A) and (B)] The red boxes represent our desired leg height. (C) The hovering performance of two controllers, one without using
the adaptive component from (79) and the other using the proposed adaptive controller hovering at H = 4.4 (weakest ground effect). The averaged lateral position error
and its SD from 10 independent hovering experiments (sample size N = 400,000, 40-s flight) are shown with the dark circle and with the error bar, respectively. (D) Differ-
ent leg stance designs installed on crash test dummy vehicles used for drop test experiments. The leg designs shown from right to left: legacy leg, narrow stance 30° leg,
intermediate stance 45° leg, and wide stance 60° leg. All leg designs were rigidly attached to the dummy vehicles. (E) RoboBees with the legacy leg and compliant leg

designs next to a US penny and a crane fly for scale. Scale bars, 20 mm [(A), (D), and (E)].

effect is shown in Fig. 1B, as opposed to a strict division of two re-
gions as in (30). A noticeable change was observed near the height-
to-wingspan ratio H = 1.1 (a 2% decrease in the ground effect ratio
compared with the strong ground effect region) and H=2.3 (a 2.4%
decrease in the ground effect ratio compared with the weak ground
effect region). Therefore, three ground effect regions based on the
intensity of the ground effect ratio are proposed: The strong ground
effect region is where G is greater than 7%, the weak ground effect
region encompasses the ground effect ratio greater than 4% and less
than 7%, and the weakest ground effect region is where the ground
effect ratio is less than 4%. The mean and SD within these regions
can be found in the fifth column of table S7. In addition, the tether
(which provides power and control to the RoboBee) can inject forces
that can potentially contribute to the augmented lift force measured
during the hovering experiments. We performed a set of isolated
tether stiffness experiments to quantify the differential force from

Hyun et al., Sci. Robot. 10, eadq3059 (2025) 16 April 2025

H = 1.14 (the red-boxed altitude in Fig. 1A) to the lowest point in
our experiments and found the peak force to be 4.9 pN, which is
~0.49% of the body weight (and, thus, also the ground effect ratio;
analysis of the effect of the tether can be found in the Supplementary
Materials). This is small relative to the ground effect ratios of 7.3 and
5.3% in the strong and the red-boxed regions in Fig. 1A, respec-
tively. Thus, we consider the tether to apply random perturbations
during our experiments.

The lowest altitude in the weak ground effect region, indicated by
the red-boxed experiment in Fig. 1B, corresponds with a height
heop = 30 mm. A simple mechanical solution to minimize perturba-
tions from the ground effect is to design legs that elevate h.p to be
in the weak ground effect region when in contact with the ground.
Therefore, we designed legs that lift the vehicle to A, = 30 mm,
which equates to a leg height of hje; = 20 mm. Figure 1D shows the
extended leg design with three different stance angles installed on
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Fig. 2. Insect-inspired leg design. (A) Histogram of tarsal leg segment measurements of 27 different crane fly species. The horizontal axis represents the percentage of
the leg that the tarsal segment occupies for a leg measurement consisting of tibia and tarsus segments shown in (B) and (C). The vertical axis represents the number of
crane fly species that have a tarsal segment of a given leg percentage portion. (B) Close-up image of a giant crane fly (Tipula abdominalis) leg. The leg is labeled by the
features of interest for the mechanical leg design shown in (C). (C) lllustration of different leg designs used in our landing studies. The one-joint leg represents a leg with
no tibia. The two-joint legs were modeled off of a crane fly leg with both tibia and tarsus as labeled in (B). Two-joint legs with 60 and 40% proportion of tarsal segments
were studied. The inset shows a blown-up image of the joint design used for the mechanical legs. The joint materials are labeled and color coded in the legend. (D) Image
of the RoboBee with the two-joint compliant leg design installed. The close-up image of the leg shows the location of the mechanical joint as illustrated in (C). The average
COP location is the red dot labeled “cop.’ The distance between the landing platform and the average COP is hcqp. The stance angle of the legs is 6. The compliant leg in-
stalled on the RoboBee is the two-joint variant with a 60% proportion tarsal segment. Scale bars, 10 mm [(B) and (D)]. Museum accession number for the crane fly speci-

men [seen in (B)] is MCZ-ENT-00806455.

nonfunctional dummy vehicles next to a dummy vehicle with the
legacy leg design. By setting the leg design to a height where the ve-
hicle operates outside the strong ground effect region, we minimized
vehicle instability when landing.

Insect-inspired leg design and fabrication

The proposed stance height in the previous section ensures that the
FWMAYV remains within the weak ground effect region when the
robot lands vertically. However, upon contact with the ground, a
destabilizing moment can affect controller performance. Although
the accuracy of hovering control near the surface was improved
using the proposed adaptive controller, the SD of the center of
mass (CoM) position to the targeted hovering point stays around
3 mm (Fig. 1C). Therefore, for FWMAVSs operating in close prox-
imity to a surface, ground impacts are unavoidable (see movie S8
for an example of a failed landing using rigid legs). Furthermore,
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destabilizing forces acting on the leg during a crash can cause the
wings (one of the most vulnerable components) to violently collide
with the ground. This can damage the wing and transmit impact
forces to the actuator. At worst, when the wing is actively flapping
during a collision, the forces transmitted to the actuator can approx-
imately double the actuator blocked force, resulting in a high prob-
ability of actuator and/or wing failure (34).

For larger aircraft, pneumatic tires attached to shock-absorbing
struts are used to dissipate energy during landing (36). This energy
absorber-style landing gear is highly effective at dissipating energy
and is ideal for larger passenger aircraft where large impulses must
be avoided for vehicle safety and passenger comfort. For smaller air-
craft with stricter weight limitations, the heavy shock-absorbing
landing gear is typically replaced with rigid struts (such as in the
“taildragger” landing gear configuration) that rely on material de-
formation in the strut and energy absorption in pneumatic tires to
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dissipate energy upon landing (37). Likewise, microaerial vehicles
and robots have an extremely limited payload capacity [a maximum
of 100 mg for the RoboBee (18)], making the weight of a landing
gear a major consideration in vehicle design. For this reason, sim-
pler mechanisms composed of compliant beams are more appropri-
ate for subgram aerial robots such as the RoboBee. Our proposed
leg design for subgram aerial robots was, in part, inspired by the
minimal beam/truss structures in the landing gears of lightweight
human-piloted aircraft.

The first criterion to ensure safe landing is to understand the sup-
port polygon created by the tips of the legs. We chose four legs for
our design to strike a balance between sufficient contact support ar-
eas while minimizing added weight from additional legs. A detailed
analysis of the leg contact support area is outlined in the Supple-
mentary Materials. The second criterion to enhance postcollision
stability involves how much kinetic energy is dissipated during the
landing impact phase. The jointed legs of insects (Fig. 2B) may help
dissipate kinetic energy (9). Therefore, we added compliant joints
that deform in response to impacts, thereby reducing the moments
imparted on the robot’s CoM. To determine the number and loca-
tion of the joints, we looked to the crane fly for inspiration. Focusing
on the tibia and tarsus, these segments of the crane fly leg are largely
separated by two major joints as shown in Fig. 2B, where joint 1 con-
nects the tibia and joint 2 connects the tarsus. The relative segment
lengths were chosen on the basis of measurements taken from
museum specimens of 27 crane fly species [from Harvard MCZbase
(38)], which are shown in the histogram in Fig. 2A. Most crane fly
species measured had a longer tarsal proportion between 55 and
60%. Therefore, we investigated various tarsal proportions as a de-
sign parameter in Fig. 2C. The percent proportion of the tarsus varied
between 100, 60, and 40%. Among these choices, we analyzed the
kinetic energy dissipation after the impact using the coefficient of
restitution (CoR) as discussed below.

The joints that separate the tarsus and tibia were constructed us-
ing a combination of thin film materials to act as a rotational spring
and damper system. We took inspiration from a previous design of
damping joints (39) that served as collapsible buckling hinges for
the wing of an FWMAV to replicate the damping behavior of the
costal break of a wasp wing. The synthetic costal break buckling
hinge in (39) successfully dampened wing collisions with surfaces
to mitigate damage from impacts. A similar lossy behavior is de-
sired for our synthetic leg to dissipate energy from collisions during
vehicle landings. The joints were constructed using bulk microma-
chining and lamination methods (40), consisting of a flexible poly-
imide (Dupont Kapton) film sandwiched between two layers of
carbon fiber composite sheets. Two layers of viscoelastic thermo-
plastic elastomer (TPE; Airtech Stretchlon 200) were laminated
on the outside to sandwich the Kapton and carbon fiber joint. The
Kapton acts as a spring element for the joint, and the TPE acts as a
damping element. The joint stiffness properties were altered using
different thicknesses of the Kapton layer. The thickness of the Kapton
was tuned such that it could support the weight of the vehicle while
standing. The damping joints are shown in Fig. 2D installed on the
RoboBee with a 60% tarsus, double joint leg design. The joint lami-
nate layup is shown in the inset in Fig. 2D, with the layer colors
corresponding to the material used. To characterize the stiffness and
damping properties of the Kapton-TPE joints, we performed a
series of unforced oscillation experiments to estimate lumped-
parameter spring and damping constants (see the “Compliant joint
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characterization” section in the Supplementary Materials and movie
S2 for the experimental setup).

Analysis of leg designs for safe and accurate landing
The unforced oscillation experiments allowed us to quantitatively
explore the design space of the joint, including geometric and mate-
rial parameters, with the hypothesis that greater energy absorption
at the joint will lead to improved landing. We connected this hy-
pothesis to our landing experiments by proposing three quantitative
metrics for safe and accurate landing: CoR, lateral drift (Ax), and
landing success (e). Evaluating these metrics for various landing
scenarios and leg designs enabled us to choose the leg stance angles
and compliant damping joint properties to achieve reliable landing.

The first metric is the CoR, which quantifies energy dissipation
during landing collision. The second metric is the Ax of the vehicle
from immediately before to immediately after a landing collision,
which quantifies the accuracy of the vehicle landing. The third met-
ric is the success rate for landing (e) in the upright position after
surface collision.

The CoR is defined by
V2

V1

CoR = 3)

where v, is the vehicle velocity just before surface impact and v, is
the vehicle velocity just after surface impact (Fig. 3, A and B). The
purpose of the CoR analysis is to compare the energy dissipation of
each leg design; the lower the CoR is, the closer the landing approx-
imates an inelastic collision, which, in turn, results in a safer and
more accurate landing.

The horizontal drift metric is defined by

Ax = |xﬁnal — X

4
where X1 is the vehicle’s horizontal position at the moment the
vehicle is dropped and Xy, is the vehicle’s final horizontal position
after landing. The purpose of the horizontal drift analysis is to com-
pare the error between the final landing position and the desired target
landing position during the drop test.

A series of six free-fall tests was performed for 12 different leg
designs to determine the best combination of joint materials and
tarsus length ratio. The CoR and Ax measurements are tabulated in
table S5 and plotted in Fig. 3 (D and E). The leg designs labeled
with numbers 1 to 12 are listed in table S4. Note that we have ex-
cluded the joint design with TPE only (no Kapton) and the joint
design with TPE and 7.5-pm Kapton (table S3) from our free-fall
experiments for leg designs with joint 1 and no joint 2. We exclud-
ed these joints from our parameter set because, when installed on
the vehicle in a one-joint leg design, the legs buckle at the joints
and the base of the vehicle collides with the ground. If the legs can-
not support the vehicle’s weight, this is not a viable design as a safe
landing platform.

For the design process, we followed an incremental procedure
where we first studied the stance angle (6 in Fig. 2D) for rigid legs
(legs 2 to 4). We then compared the stiffness of the compliant joints
(legs 5 and 6). Last, we compared the tarsus length ratios (legs 5 to
12) to find the optimal design with respect to the two performance
indexes, CoR and Ax. We found that the minimal CoR design does
not result in the minimum horizontal drift error. However, the dif-
ferences between the horizontal drift errors among adjacent designs
remain relatively minimal compared with the achieved reduction in
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correlated with the body roll angle 6 dur-
ing free fall. This is due to the high CoR
for the legacy design, which increases the
angular kinetic energy after collision, caus-
ing the vehicle to tumble.

In contrast with the legacy leg design
(leg 1), landing success for the compliant
leg design (leg 7) provides consistent suc-
cessful upright landing at modest body
roll angles (Fig. 3G). We used a binary
classification model to generate a predic-
tion for whether the vehicle will succeed

12 3456 7 8 9101112
F Leg Design G

12 345 6 7 8 9101112
Leg Design

in landing upright based on the body roll
angle © when the vehicle approaches the
surface. The range of body angles that
result in successful upright landings for
the compliant leg design (relative to the
unpredictable success of the legacy leg de-
sign) highlights a substantial increase
in the passive upright landing success
rate. On the basis of this landing suc-

(X X J [ ] 11

0] o0 @ee (1] e o o 0

cess classification model, our controller
commands the vehicle’s body angle to be
|8] < 30° relative to a horizontal landing
substrate to ensure a high probability of
landing successfully (see the “Experimen-
tal approach to leg design” section in the
Supplementary Materials for details on

0 10 20 30 40 50 0 10

Fig. 3. Free-fall experiments. (A) Sequence from a free-fall experiment for a crash-test dummy vehicle with the
legacy leg design (leg 1) installed (see movie S3).Vectors v; and v, depict the vehicle velocity before and after ground
collision. (B) Sequence from a drop-test experiment for a crash-test dummy vehicle with the compliant leg design (leg
7) installed. (C) Image from a drop-test experiment in (A) depicting the body angle 8 measurement. Scale bars, 10 mm.
(D) Comparison of the CoR metric and (E) Ax metric between all leg designs tested. The average and SD of the CoR
and Ax experiments (sample size N = 5) are shown by the bar height and error bar, respectively. The red bars in (D)
and (E) show the chosen leg design used in the subsequent controlled flight-landing experiments and demonstra-
tion. (F) Plot of the landing success metric for the crash test dummy vehicle with the legacy leg design installed. The
landing success metric,e € {0, 1}, is characterized by whether the vehicle lands upright after ground collision (e = 1
represents landing success). (G) Plot of e for a crash-test dummy vehicle with the compliant leg design (leg 7) in-
stalled, corresponding with the experiment depicted in (B). These are fitted using a classification logistic regression

model to illustrate the predictability of landing success over different body angles.

CoR. The chosen leg design is highlighted in red in Fig. 3 (D and E)
(see the “Experimental approach to leg design” section in the Sup-
plementary Materials for details on leg design choice based on the
CoR and Ax metrics).

The two metrics (CoR and Ax) focus on the behavior immedi-
ately after impact, assuming an upright attitude of the vehicle during
free fall. The third metric is the success rate of landing upright to
analyze the range of body roll orientations that ensure an upright
landing for the chosen compliant leg design (leg 7). The e metric is
denoted as 1 if the vehicle landed upright and 0 otherwise (Fig. 3, F
and G). A series of 20 drop tests was performed while varying the
vehicle body roll angle at drop between the range 6€(0°, 50°), where
0 is the body roll angle with respect to the vertical axis (Fig. 3C). The
drop tests were performed for the legacy leg (leg 1) and the chosen
compliant leg (leg 7) designs, and the results are plotted in Fig.
3F. For the legacy leg, we note that landing success is not directly
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the landing success classification model).

Although the leg design analysis
was only conducted with the robot con-
strained to straight vertical landing, the
same methodology can be adapted for
other, more difficult landing condi-
tions. For example, for a landing con-
dition where the vehicle velocity has
a horizontal component, experiments
can be conducted where the robot is
commanded to fly with various for-
ward velocities and body attitudes
(6) before landing. By sweeping a range
of initial velocities and body angles at
ground contact, a map of landing suc-
cess can be obtained as a function of both leg properties and
control parameters. Furthermore, previous studies have been
conducted on landing under difficult conditions, such as perch-
ing on a vertical surface using an iterative learning-based con-
troller (41). Our safe landing methodology could be merged with
such a controller to further improve the robot’s probability of
landing success.

Similarly, our leg design can be further generalized for landing
on surfaces with different orientations. To achieve this, an adhesion
mechanism would be required to allow the vehicle to stick to the
surface. Both magnetic and electrostatic adhesion mechanisms have
been used to perch the RoboBee on vertical and inverted surfaces
(41, 42). These adhesion mechanisms could be attached to the feet of
our compliant leg design to enable the robot to land on surfaces with
different orientations while retaining the benefit of dissipating en-
ergy during landing.

6(°)
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Flight and landing control
Controlled landing is one of the most challenging tasks for unpilot-
ed aerial vehicles because of the difficulty in adapting to sudden
changes in airflow (such as when subject to the ground effect) and
impulsive impacts experienced upon touching the surface. Landing
success depends strongly on controlled deceleration as the body gets
close to the target. Many flying insects, including fruit flies and
bumblebees, have limited perception for distance estimation and do
not directly measure the distance to the target but, instead, use optic
flow to gauge the rate of relative retinal expansion to safely deceler-
ate as they approach the target (43-45). This rate of expansion is
inversely proportional to a metric called the time-to-contact, T,
which is defined as

w0 =20y = -

z(t) (1)

where z(?) is the vertical distance to the target in the inertial frame,
z is the approach velocity to the target surface, and vy is the conver-
gence rate that captures the rate of retinal expansion velocity as de-
scribed in (45). Setting a constant T ratio (t = 0) ensures a safe
landing, which is observed in honey bee (44), fruit fly (Drosophila
melanogaster) (45), and bumblebee landing (46). Furthermore,
~35.7% of landings of fruit flies are crash landings (for example,
wing or head collision with nonzero impact velocity), whereas most
failures are due to late leg extension (45). The proposed compliant
leg design in this paper provides an opportunity to study safe
crash landing (with nonzero impact velocity) because the legs are
already deployed.

The 7 theory alone does not specify the low-level control algo-
rithms needed for safe landing (how to modify the flapping patterns
to maintain the exact t profile). Instead, T theory has inspired engi-
neers to generate trajectories for many applications, including unpi-
loted aerial vehicle landing on the deck of a ship (47) and the design
of a safe landing trajectory for a lunar lander using the lunar images
(48). In contrast with these landing studies that neglect the ground
effect and are based on larger-scale rotorcraft, the role of closed-
loop control in the presence of the ground effect to track t theory
trajectories using insect-scale FWMAV:s still remains a challenge.

In previous biological landing studies, T theory was well suited to
describe the landing behavior when initiated from a nonzero ini-
tial velocity (when a specimen is already moving toward the tar-
get). The use of T theory was not envisioned for trajectories initiated from
rest, which requires the vehicle to accelerate initially. More recently,
researchers have observed that bumblebees use optical cues to both
decelerate and accelerate while approaching a landing target (49). In
these studies, they use a simple model with a constant y derivative
(1) to define the acceleration at the beginning phase of landing (still
with nonzero velocity). However, there exists a phase in the experi-
ments where a constant y does not imply acceleration when the ve-
locity is too high, which suggests the need for a more general theory
to capture acceleration using the T values.

To account for more general acceleration profiles, we consider
the role of the second derivative of y, which offers a decision crite-
rion for designing the acceleration and deceleration phases, a re-
quirement for transitions between different hovering points (see the
“Landing trajectory design” section in the Supplementary Materi-
als). In subsequent landing experiments, the RoboBee was com-
manded to land on a target starting from hovering. Therefore, we
propose a trajectory such that the sign of the second derivative of y

(5)
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indicates the initial acceleration and deceleration before landing. In-
spired by observations of fruit fly landing sequences in (45), we pro-
posed the following landing sequence: First, command the vehicle
to hover above the target at the upper boundary of the weak ground
effect region (Fig. 1B). Next, command the vehicle to follow the t
theory-inspired trajectory to initially accelerate and then decelerate
toward the ground effect boundary. Last, when the vehicle is near
the lower boundary of the weak ground effect region (the red-boxed
region in Fig. 1B), turn off power and allow the vehicle to absorb
residual kinetic energy.

The guiding trajectory offering the smooth transition from the
initial hovering height i; € R to the desired landing height h; € R is
defined as

(1 —tanhat)
2

where z(t) is the vertical distance from the initial height to the land-
ing height, hq = h; — hy. The a parameter controls the rate of accel-
eration and deceleration of the landing trajectory. The second derivative
of the convergence rate model (y) for this guiding trajectory can be
calculated as

z(t) = hy (6)

= ; @)

which is proportional to the acceleration Z. The sign of ¥ indi-
cates that the vehicle will accelerate for the first half of the landing
sequence in (h4/2, hq) and decelerate for the last half of the sequence
in (0, hg/2). Therefore, we designed the landing trajectory for the
RoboBee on the basis of ¥ as a function of z(t). ¥ provides a frame-
work to design generalized landing behavior for FWMAV's (see the
“Adaptive tracking controller design” section in the Supplementary
Materials for the detailed derivation).

After the proposed landing sequence and the landing trajectory
in Eq. 6, we performed a series of controlled flight tests on the
RoboBee with four different a values. For controlled flight experi-
ments, the robot is controlled via an off-board target computer to
follow X, Y, and Z trajectories (the dashed line targets in fig. S8).
Real-time state estimation is achieved via external infrared motion
capture cameras (Vicon T-Series) to track retroreflective markers
placed on the vehicle. The power and control signals are connected
through a copper wire tether to actuate the wings of the robot. The
experimental setup used to perform the controlled flight tests is il-
lustrated in fig. S7.

First, our controlled flight experiments consist of vertical takeoff
and landing on a smooth rigid surface as shown in Fig. 4A and mov-
ie S4. In these experiments, we specify the target landing height
to be either below ground (10 mm lower for o = 3) or exactly at the
target surface (x = 5, 7, and 9). From the initial hovering altitude
near the upper boundary of the weak ground effect region (H = 2.0),
the RoboBee accelerates and tracks the positive second derivative of
¥ as shown in Fig. 4E. The velocity profile during the landing se-
quence for four experiments is shown in Fig. 4F During the ac-
celeration period (the dark blue region in Fig. 4F), the RoboBee
descends with a maximum velocity ranging from 0.5 ms™" (a = 3) to
1.8 ms™" (a = 9) proportional to the « values. Next, the RoboBee
decelerates (medium blue region in Fig. 4F) before the power turns
off (light blue region in Fig. 4F). The aggressiveness of the land-
ing can be modified by choice of a, where the maximum descending
velocity varies from 0.04 to 0.17 ms™" to achieve maximum deceleration
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Impact (6.72s) ~ u=3" a=3

during landing with the rigid legacy leg
would lead to an unpredictable landing,
causing the vehicle to tumble and po-
tentially damage the wings (see movie
S8 for an example landing failure). In
this experiment (o = 3), the vehicle
decelerated further while experiencing
multiple leg tip collisions with the ground
(two red circles in Fig. 4, B and C),
which demonstrates the ability of our
lossy compliant legs to further dissi-
pate the kinetic energy of the vehicle
during landing.

The energy dissipation through our
proposed leg design was further verified
in the other three tests, where the CoR
among vertical landing experiments re-

E F
100 time #=9 ;30'2
80 | — E
__ 60 %
& 0.1
%) k=)
20 S
S o
0 a=3 a 7
2‘ Acceleration Deceleration
-40 -30 -20 5.6 5.8 6 6.2 6.4 6.6 6.8

Fig. 4. Controlled flight evaluations and demonstrations. (A) Example sequence from takeoff and landing experi-
ments performed to characterize trajectory tracking accuracy. (B and €) Snapshot of a landing (a = 3) making multi-
ple leg contacts. The red circle indicates the contact point. (D) An example (a = 9) from a collision, using overlaid
images before and after leg contact, showing bending of the two leg joints. (E) Plot of the first derivative of the con-
vergence rate model y as a function of vehicle altitude, z, for different acceleration rates, « € [3, 5, 7, 9]. The experi-
mental trajectories are plotted in red, and y for different values of a is plotted in blue. (F) The approach velocity for
different values of a (positive values indicate a faster approach). The dark blue and medium blue regions represent
acceleration and deceleration toward the ground, respectively. The plots in the light blue region represent free fall.
The solid and dashed red circles indicate the contact moments shown in (B) and (C), respectively. The CoR of four
landing experiments is also shown with the bar graph inset. (G) Demonstration of controlled takeoff and landing of
the RoboBee with lossy compliant legs (leg 7) from the left leaf to the right leaf. Scale bars, 10 mm (all panels).

values from 0.2 to 2.0 ms™ in this study. However, the proposed
landing gear has increased mass and inertia (18 mg, 19% of the total
weight increase, and increased yaw moment of inertia by 531%;
see table S$6). The adaptive controller builds on our recent improve-
ments to yaw control using multiple harmonic signals (19) rather
than the more typical “split-cycle” method (18). Using the adaptive
controller, we show that the heading angle can be controlled even
with augmented mass and inertia (see movie S4).

In the first experiment (the least aggressive landing case, a = 3),
the target position of the tip of the leg was commanded to be 10 mm
below the ground. As the robot descends toward the ground, the
compliant leg touches the ground multiple times (two images cap-
turing the impact are shown in Fig. 4A). The impact velocity of the
vehicle was 0.08 ms™', which is relatively slow because the robot
was tracking the least aggressive trajectory. Previously, an impact
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mained similar to what we tested using
dummy vehicles (Fig. 4F). In particu-
lar, the most aggressive landing (a0 = 9)
showed that the adaptive controller was
able to accelerate as desired but took an
early deceleration when compared with
its reference trajectory (Fig. 4E). This
results in the vehicle behaving as an un-
derdamped system, oscillating around
an offset above ground (fig. $8). Thus, in
this experiment, the vehicle entered the
free-fall phase at a higher altitude, caus-
ing it to impact the ground with the
highest velocity among the four experi-
ments (1.9 ms™}). As a result, the com-
pliant leg joint was bent to a maximum
angle of 5° between the base of the ve-
hicle and the tibia leg segment and 10°
between the tibia and tarsal leg seg-
ments (see movie $4, landing experiment
o =9). Because the coefficient of the res-
titution for our proposed leg design was
small, the vehicle maintained contact with
the ground without bouncing.

With the demonstration of consecu-
tive takeoff and landing using our com-
pliant leg design and bioinspired landing
sequence, we demonstrated the success of our mechanical and con-
trol designs on a natural terrain environment. We performed a
takeoff and landing task with the RoboBee from one leaf of a
pothos plant to another leaf as illustrated in Fig. 4G. The vehicle
was commanded to first take off from the starting leaf, hover, move
laterally to the second leaf, and hover 5 cm above the leaf (H = 2.6;
in the weakest ground effect region shown in Fig. 1B). Next, the ve-
hicle followed the t landing sequence to descend to 0.7 cm
above the leaf (H = 1.2), which is in the lower bound of the weak
ground effect region, and lastly free fell to land on the second leaf
while dissipating any remaining energy in the legs. The same
experimental setup for the previous controlled flight tests was
used for the leaf-to-leaf landing demonstration, the only differ-
ence being the introduction of a plant branch in the motion cap-
ture arena. The target trajectories for commanding the robot to
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fly from one leaf to the other leaf are represented by dashed
lines in fig. S8. The target takeoff and landing locations on the
leaves were measured before the experiment by placing retrore-
flective markers on the leaf surfaces and gathering their X, Y, and
Z positions via the motion capture cameras.

For the leaf-landing task, we used a = 3 as the rate of acceleration
and deceleration in the landing sequence. We found that even on a
compliant landing substrate, the vehicle could safely land on an in-
cline, where the compliant legs conform to the concave leaf surface.
In movie S5, the vehicle lands at a different body orientation from
the hovering and landing orientation because of the inclined surface
of the leaf. This is analogous to the landing success metric analysis
(Fig. 3, C, F, and G) because after hovering at the lower weak ground
effect region, the vehicle falls freely to the target. The landing orien-
tation of the vehicle at impact (because of the incline of the leaf
surface) is 6°, which is within the fitted landing success classifier
function and shown in Fig. 3G (see the “Experimental approach to
leg design” section in the Supplementary Materials for details on the
classification model).

During landing, the two right legs contact the surface first be-
cause of a slight positive roll just before landing. However, the con-
tact moment between the leaf and the right legs is insufficient to
make the vehicle tip over, whereas the additional flat “foot” on the
end of the tarsus helps the legs to slide (see inset of Fig. 2D). There-
fore, the vehicle stabilizes successfully in the upright position. In ad-
dition, the initial contact with the compliant right legs dissipates the
vehicle’s kinetic energy upon surface contact, which reduces the ki-
netic energy associated with subsequent leg impacts. Last, the leaf
slightly oscillates after the initial contact, but the vehicle successfully
lands upright (movie S5).

CONCLUSIONS

The low mass and small scale of FWMAV's lend themselves to land-
ing on and exploring delicate surfaces in natural terrain without
damaging their environments. Our compliant leg design provides a
simple mechanical solution for FWMAVs to achieve the difficult
task of robust landing on natural terrain, opening possibilities to
future applications such as environmental monitoring, surveil-
lance, or manipulation of delicate organisms. Not only do compli-
ant legs enable FWMAV's to robustly land on a variety of surfaces,
but their energy dissipation properties also help to preserve the
vehicle’s lifespan. The primary drawbacks of piezoelectric actuators
for microrobots are their fragility and low fracture toughness.
Compliant legs aid in protecting the delicate piezoelectric actua-
tors from collision-induced fractures during crash landings by in-
creasing the envelope of landing success through deliberate leg
stance and leg joint-damping material selection. With more me-
chanically robust vehicles, we can increase the development rate of
FWMAVs to more quickly achieve the aforementioned applica-
tions. Furthermore, our leg design serves as a platform for the fu-
ture possibility of leg joint actuation. This could be made possible
by small-scale soft actuators such as dielectric elastomer actuators,
which are manufactured using a laminate manufacturing process
similar to that of our damping joint design and are constructed of
compliant viscoelastic materials that can be tuned to the desired
damping properties of our current damping joint design. Actu-
ated joints would open possibilities for multimodal locomotion or
manipulation, self-righting capabilities in case of landing failure,
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and active control of legs during flight to control the oscillatory
behavior of the legs as was observed during flight experiments con-
ducted in this work.

Robots for biology

In addition to facilitating safe landings for FWMAVs, our Ro-
boBee platform highlights an intriguing tool for exploring bio-
logical questions. Although adaptations from biological organisms
can provide engineers with insight into effective bioinspired
designs, biologists can also use engineering-based methods to
produce appropriate physical models for biomechanics research
(50-53). Insect legs are quite diverse in form and function, and
our current study serves as just an initial exploration of leg joint
materials and segment length. For example, insect tarsi are usu-
ally subdivided into multiple segments with additional joints,
producing a highly flexible limb that facilitates tasks such as ter-
restrial locomotion, feeding, and landing. The distribution and
size of these tarsomeres are quite variable among different groups,
and future work could explore how the concentration of addi-
tional joints facilitates landing during different touchdown ma-
neuvers and across diverse terrains. In addition to landing studies,
the modularity of the RoboBee’s components (detachable legs,
wings, airframe, and actuators) produces an adaptable platform
useful for comparative studies exploring other parameters of in-
terest (such as wing design and landing surface attachment de-
vices) relevant to insect flight.

Limitations and future work

Although the proposed mechanical and algorithmic approaches en-
hance landing success for an insect-scale flapping-wing vehicle,
there are several additional challenges to ensure robust landing on
diverse substrates. First, the role of lossy compliant joints when
landing on uneven (inclined) surfaces remains an open question.
We believe that one promising route could involve active control
during leg-to-substrate collisions to further compensate for distur-
bances from interactions with rough or uneven terrain. Second,
landing robustness for higher impact velocities, as observed in the
landing strategies of stingless bees (8) and mosquitoes (9), can be
studied to further tune the mechanical damping of the multiseg-
ment joints. Third, the scalability of the proposed approaches to
larger vehicles should be investigated. As a vehicle increases in size,
the absolute payload also generally increases, which may offer op-
portunities to explore more complex leg geometries and the integra-
tion of actuated joints and active or passive adhesion mechanisms.
Scaling metrics can be used to guide such studies, for example, the
landing mechanism mass fraction and the overall vehicle damping
ratio. Last, at larger scales, full landing autonomy can be assisted by
integrating an onboard sensor package [for example, including bio-
mimetic ocelli (54) or neuromorphic sensors (55)] for lower latency
state feedback.

In summary, we presented a bioinspired integrated framework to
overcome some of the landing challenges for insect-scale flapping-
wing aerial vehicles. This framework offers insights into how to
maximize energy dissipation during landing collisions while active-
ly controlling the system. We believe that the foundation of passive
energy dissipation with multijoint segments and active control dur-
ing landing can be applied more broadly to investigate contact-rich
tasks for flapping-wing aerial vehicles operating in proximity to en-
vironmental objects.
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MATERIALS AND METHODS

Unforced oscillation experiment for leg

joint characterization

Unforced oscillation experiments were performed to characterize
the legs and leg joints. The experiments were performed by manually
perturbing the leg by an initial distance of F4 (defined in eq. S2) and
then releasing the leg to observe the resulting oscillations, as shown
in fig. S1B. Each of the experiments was captured using high-speed
video (Phantom v710, Vision Research, captured at 3000 frames/s).
The angular position of the leg during free oscillation was extrapo-
lated using a physics tracking software (Physlets Tracker). From these
unforced oscillation experiments, we observed that the system re-
sponse of the leg and joint behaves as an underdamped spring-mass-
damper model with viscoelastic creep. From these experimental
observations, we modeled the leg and joint system as in eq. S6.

Free-fall landing experimental setup

A series of free-fall tests were performed for the leg designs listed
in table S4 to quantify the three landing performance metrics for
defining safe and accurate landing: CoR (table S5), Ax (table S5),
and e (Fig. 3, F and G). Each of the leg designs was assembled on
nonfunctional crash-test dummy vehicles constructed from wo-
ven fiberglass (FR-4), shown in Fig. 3 (A to C). The crash dummy
vehicles were designed with a mass and inertia similar to those
of the functional split-actuator RoboBee used in subsequent flight
experiments. Each dummy vehicle was held at a fixed height
(40 mm from ground to CoM) using reverse-action tweezers
mounted to a fixed table clamp. The dummy vehicles were manu-
ally released such that they free fell to the ground. Each free-fall
test was captured using high-speed video (Phantom v710, Vision
Research, captured at 3000 frames/s). The position of the CoM
of the dummy vehicles during free fall was determined using a
physics tracking software (Physlets Tracker). The velocities of the
dummy vehicles during free fall were determined using numeri-
cal differentiation.

Statistical analysis
The average and the SD for N sampled data, {x;}\ C R, shown
in Fig. 1 (B and C) and Fig. 3 were calculated using the follow-

ing equation:

(8)

where X is the average and o is the SD with K= N — 1 for Fig. 1 (B
and C), where N > 20,000, and with K = N for Fig. 3, where the sample
size is relatively small (N = 5).

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S9

Tables S1 to S7

Legends for movies S1 to S8
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Movies S1 to S8
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