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A flock of small, unmanned air vehicles flies quietly into a city, maneuvering among the buildings. They
communicate about their surroundings as they search for places to land, not on streets or rooftops but on
the sides of buildings and under the eaves, where they can cling, bat or insect-like, in relative safety and
obscurity. Upon identifying landing sites, each flier turns toward a wall, executes an intentional stall and, as
it begins to fall, attaches itself to the surface with legs and feet equipped with miniature spines that engage
the small asperities on the surface. Using its propeller in combination with its limbs, the flier can creep along
the wall and reorient itself for a better view. By deploying actively opposed pairs of spines, the flier can cling
tenaciously, to resist gusts of wind and ride out inclement weather. The fliers stay attached to the walls for
hours or days, consuming little power and emitting no sound as they monitor the area. When finished, they
launch themselves off the wall with a jump and become airborne again, ready for their next mission.

1 Introduction

While the foregoing scenario may sound like science fiction to the lay reader, essential pieces of the under-
lying technologies to support this scenario are in place. Those technologies, with the research outlined in
this white paper, can be extended and integrated to make the scenario a reality and allow small airplanes to
identify suitable locations, execute controlled, low-speed landing maneuvers on arbitrary surfaces, cling and
crawl to save power while conducting surveillance, and jump to regain airborne mobility.

PERCHING

Discreet
Long endurance _«
4 Stable observation £5

platform T

e

Agile

Fast
Easily cover long
distances

Figure 1: Left: a hovering airplane at Stanford BDML using a modified version of the Paparazzi controller
[26]. Right: RiSE climbing platform on various surfaces. Perching MAVs combine some of the best features
of both technologies.

We propose a plan of research in micro-air vehicles (MAVs) and bio-inspired robotics to (i) investigate
the details of landing, perching and take-off from arbitrary vertical surfaces in small animals including birds,
bats, spiders and flying lizards (ii) identify strategies for adaptation to bio-inspired robotic platforms and (iii)
demonstrate the validity of the identified principles through a series of increasingly challenging applications
scenarios.
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The work builds on recent accomplishments in the control of autonomous low speed maneuvers for
MAVs and in the design and control of robots that climb and maneuver on vertical surfaces. It confers large
practical advantages over either of these capabilities in isolation, providing a solution with the speed and
versatility of a flier and the extended mission life, stealth and tenacity of a climber. Table[I|summarizes how

this approach addresses major limitations of current MAVs.

Table 1: Limitations of MAVs and advantages of a hybrid flying/perching/crawling platform.

Limitations of current MAVs

Hybrid platform advantages

power.

Short mission life, especially if using electric

Long missions due to low energy consump-
tion while perched. Possibility of solar charg-
ing.

cate video and ranging surveillance.

Small MAVs have fast dynamics that compli-

Clinging MAV is a stable observation plat-
form. It can also crawl to reorient as desired.

Fragile MAVs that land on the ground are vul-
nerable to accidental or malicious damage.

MAV5s clinging high above the ground are out
of harms way.

Ground may be cluttered with debris, making
it hard to find space for landing and takeoff.

Walls remain relatively free of debris. Spines
are not affected by film of dirt or moisture.

weather.

MAVs that land on horizontal surfaces are
vulnerable to gusts of wind and inclement

MAVs that cling to building walls can resist
wind gusts. If perched under overhangs, they
can ride out inclement weather.

noise while moving.

MAVs are expending energy and making

Perched MAVs can be stationary and quiet,
producing minimal detectable emissions.

stable observation platform.

Perching on a wire or pole: Detection of a
wire or pole for autonomous perching is dif-
ficult. Wires are flexible and do not provide a

Walls are easy to detect and provide a stable
observation platform. They are also common
in an urban environment.

way and consumes significant energy.

Autonomous take-off usually requires a run-

Jump-assisted take-off from a wall lets the
plane reach airspeed quickly while clearing
obstacles.

2 Background and related work

The scenario given in the introduction requires capabilities that no current ground or air vehicle can achieve.
This section summarizes the current state of the art in acrobatic MAVs and climbing robots and describes

new challenges arising from perching.

Unmanned Air Vehicles

Unmanned Air Vehicles (UAVs) have been the subject of extensive research and development. Commercial
systems like the Aerovironment Dragon Eye [2], Raven B [3]] and the smaller WASP III [4] are designed
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to suit a wide range of missions. The Black Widow [18]] was an early Micro Air Vehicle (MAV) specially
designed for endurance. Although smaller MAV and flapping wing vehicles are still the subject of research,
a few interesting prototypes already exist including the DelFly II [14] and the University of Florida Gator A
[30]]. Table [2|summarizes the specifications of these systems.

Table 2: Review of a few different UAV systems [[14}, [18 30, 4., 3| [16, [2]].

Airplane Endurance | Range Speed ‘ Wing Span | Weight ‘ Type
DelFly Micro 3 min 50m NA 10cm 3g Flapping wing
DelFly II 8-15 min NA -0.5 to 15 m/s 30cm 16 g | Flapping wing
Black Widow 30 min 2km 30 mph 6 in 100 g Airplane
UofF Gator A 20 min 10 mile 35 mph 12-16 in 150g | Flexible wing
WASP-IIT 45 min 5 km 40-65 km/h 72 cm 430 g Airplane
Draganflyer X6 25 min NA 0-50 km/h 99 cm diam. | 1kg Quadrotor
Raven B 60-111 min | 10 km 20-57 km/h 1.4m 1.9kg Airplane
Dragon Eye 45-60 min 5 km 35 km/h I.1m 2.7kg Airplane

From table 2] it is immediately clear that mission life decreases with UAV size, due to reductions in
efficiency and the difficulty of providing a high-energy density source in a small volume. In particular,
flapping-wing and rotary aircraft are generally much less efficient than a fixed-wing platform. Rotorcraft had
historically the advantage of hovering, but some fixed-wing planes are now capable of aerobatic maneuvers
including autonomous hovering and flying inside a building [17,19].

Perching has been studied mostly from the aerodynamics point of view. For example, researchers at MIT
[17] have been using a 119Hz Vicon motion capture cameras to track plane position to sub-millimeter accu-
racy. This positioning system is then used to control the plane, with computing done off-board for various
indoor maneuvers such as take-off, hovering, flying in a room and perching. Another group [13]] has recently
been able to use the same motion capture system to create an accurate high-dimensional model of a glider
during high angle-of-attack (AOA) maneuvers. This allows them to perform aggressive maneuvers required
to decelerate the glider to almost zero velocity before perching on a pole. Due to the challenge imposed by
the very small target and the limited actuation control, the entire procedure is successful approximately 20%
of the time.

With proper sensing, simple maneuvers can be performed using onboard electronics. As an example,
Drexel University have a fixed-wing aircraft capable of hovering [20, 21} [19]]. This airplane has a controller
based on the PIC16F87 and uses a Microstrain 3DM-GX1 inertial measuring unit (30 grams, 100 Hz update
rate) to measure its spatial orientation. The plane uses rudder and elevator to control pitch and yaw and has
small propellers on the wing tips to control for roll. At the Stanford BDML, similar hovering is achieved
using an open-source autopilot [26] without extra propellors on the wingtips (Figure [I). Details of the
Stanford BDML controller are included in Appendix [Al

Other research at Cornell University [33, 31} 32] has focused on performing the perching maneuver
using a morphing airplane. They simulate an aircraft that pitches up its body to slow down before perching
but keeps its wing and tail horizontal so that it remains in control and still creates some lift during the
entire maneuver. This approach creates a shorter perching trajectory than one would usually get with a rigid
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airplane, but adds mechanical complexity.

Until recently, and because of their particular needs, most UAVs have used proprietary autopilots. Over
the last few years a team at ENAC University have developed the open-source Paparazzi autopilot [26].
This autopilot is able to perform most maneuvers required for regular flight (fly-by-wire, take off, climb,
level flight, waypoint navigation and landing) using only GPS and IR sensors, and can be easily modified to
perform other maneuvers with additional sensors. It has been tested on a variety of platforms and includes
a ground station and simulation package. The basic configuration uses a LPC2148 MCU, controls up to 8
servos and integrates the GPS in a package weighing 24g.

Climbing & Jumping Robots

Robots like RiSE and Spinybot [5, 29] have demonstrated the ability to climb reliably on a range of typi-
cal building surfaces including brick, stucco, concrete and wood. These robots use arrays of small (10-25
micrometer tip radius) spines that hang on asperities (small bumps or pits) on the surface. Each spine is
supported by a nonlinear suspension that increases the probability that the spine will engage an asperity as it
is dragged a short distance along the wall. Collectively, the suspensions also distribute the load among many
spines, as each spine can only support a small force. Examples of spines and a diagram of spine/asperity
contact are shown in Figure[2] Working in tandem with the suspensions, the robot leg trajectory is controlled
to facilitate spine attachment and detachment at the beginning and end of each step. The robot also applies
internal lateral forces, tangential to the wall, that allow the spines to provide a greater pull-in force on over-
hanging surfaces. In comparison to other wall-climbing technologies such as suction or vortex [23]], magnets,
and pressure sensitive adhesives, spines have several advantages: they require no power for clinging, they
work on a wide range of outdoor surfaces and are relatively unaffected by films of dirt and moisture, they
can support large loads, and they leave no trace of their passage. Climbing robots, however, are relatively
slow, and transporting them to the site of interest can be a challenge.

Recent research on small mobile robots has also explored jumping, inspired by the ability of insects
and small rodents to surmount large obstacles by storing energy and releasing it with a large jump [28]. A
recent example from EPFL weighs 7 g, is 5 cm tall and can jump over obstacles 27 times its own size [25].
Stabilization of the jump remains an open problem. Current research is focused on using small airfoils that
are deployed shortly after take-off to help stabilize the jumper in flight.

In another preliminary demonstration of hybrid air and ground mobility, some legs inspired by the Whegs
vehicle from CWRU were added to a MAV from the University of Florida for landing and take-off [6].
Stability for landing remains a challenge and, in this approach, the weight and drag from the wheel-legs
interfere with flying. For successful take-off, the platform requires launching the robot from approximately
20 feet above the ground.

Bio-Inspiration

Extensive biological research has been devoted both to flying and to ground locomotion. However, little
research has focused on the physics of the transitions that occur during perching and take-off. In this section
we do not attempt a thorough review, but list a few intriguing discoveries that may provide clues for a hybrid
perching air vehicle.
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Figure 2: Left figure shows the new foot designed for perching. Notice the black area, made of sorbothane,
at the ankle to increase the damping. The right figure shows the traced surface created when dragging a
spine over a surface (concrete profile shown). Perchable regions are shown in bold and depend on friction
and spine geometry.

It has been suggested that flying evolved from the advantages of having small lifting surfaces [9] on
running and jumping animals. Studies show that only a small amount of lift is required for control during
jumping and to reduce landing forces. The flying squirrel is one example of an animal that has evolved to
control landing forces. Its low aspect ratio wing provides aerodynamic stability and creates lift at angles of
attack up to 40 degrees without stalling. Squirrels deliberately stall themselves prior to landing, allowing
them to reduce by 60% their horizontal velocity before landing while spreading the impact over all four

limbs [27, [8]].

Legs and wings are used in combination in many bird and insect species. Birds able to take-off vertically
can produce up to 2G of acceleration with their legs before they start flapping their wings [22]. This creates
an initial velocity and helps them to clear obstacles that could impede wing motion. At a much smaller scale,
the fruit fly also uses a combination of wing thrust and stored energy in the legs. Voluntary take-offs make
greater use of the wings for control, but escape take-offs use the legs, with the wings held close to the body to
achieve maximum jump height before switching to flight [10]. Some birds also use their wings for assistance
in climbing, during which time they beat with a different stroke that provides a positive normal force against
the wall, thus improving leg traction [[7, [15].
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3 Proposed research

The proposed project goal is to create a system that will allow a small fixed-wing airplane to perch au-
tonomously on a variety of vertical surfaces for extended periods of time, crawl on the surface to reorient
itself and take-off with the help of jumping. For the work in this section, we focus on a fixed-wing platform
weighing approximately 500 grams. Significantly larger and heavier planes (e.g. Raven B in Table|I}) can
generally be designed to have greater endurance and are less suitable for the maneuvers required for perching
on arbitrary surfaces. Rotorcraft are capable of hovering and performing dramatic maneuvers [12] but are
comparatively noisy, slow and inefficient. In addition, landing, perching and crawling with rotorcraft may
be no easier than with a fixed-wing plane.

The proposed system will comprise a controller, an active suspension system and a sensor suite. Although
it is initially focused on small fixed-wing MAVs, many of the underlying results can be transfered to other
platforms (e.g. with deformable wings) in the second phase. In the following sections we first summarize
some of the key research challenges and questions that arise. We then propose a plan of research that will
take planes through the various stages of approach, landing and take-off.

4)Touchdown —_

2) Upon wall detection, on wall, thrust
1) Approach wall with  slow down and enter into wall to aid
high enough speed to  vertical hover engagement
minimize influence of of spines —
wind gusts

3) Hover for remaining distance to wall; monitor wall for relative !OOdY on wall
position. Bring plane into a predetermined envelope n takeoff—. .
(orientation, linear and angular velocities) for successful landing ~ 'eady position

=/ 5) Shut off
propeller, rest

NONNNNNANN

Figure 3: Landing sequence for perching on a wall.

3.1 Research challenges and questions

Much of the difficulty associated with landing and perching arises from the need to accomplish these ma-
neuvers robustly, in an outdoor environment, and on a small autonomous platform. Research questions arise
in the areas of controls, sensing and signal processing, actuators, motion planning and bio-inspired mecha-
nisms:

o Intelligent control: How can previous work on acrobatic maneuvers and learning algorithms be
adapted to a self-contained platform? For example, can we simplify the machine learning techniques
employed for system identification and control by [13]] or [12] for use on a fully contained aircraft
with a modest weight budget for onboard sensors and processing? Is it possible, considering that the
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3.2

perching maneuvers only last 2-3 seconds, to reproduce the results with only GPS, accelerometer and
gyroscope? Can we draw insights from the approaches taken by insects to achieve reliable landings
using a small brain, well adapted passive mechanisms and integrated sensing?

Sensing: What sensors will provide the most reliable information regarding wall detection, and plane
velocity and attitude with respect to the wall before and after contact? Can we filter the noisy informa-
tion to improve our knowledge of the system quickly enough to provide useful closed-loop corrections
during landing? Will the sensors be sufficiently compact and robust? To what extent can the legs and
toes provide tactile sensing to improve knowledge about the state of the plane and the characteristics
of the wall?

Legs and suspension: What are the optimal properties for the suspension system? What is the best
way to extract energy from the plane so that it can land gently? How can we create a suspension
that will favor spine engagement for a range of incoming velocities and orientations? Can we obtain
sufficient controllability using only semi-active elements (e.g. controlled brakes) that dissipate large
amounts of energy for their size and weight?

Crawling: How can we control the plane using a combination of vectored thrust from the propellor
and flaps, and actuation of the legs and toes, to move in a desired direction on the wall? Will the
planned maneuvers work on rough walls, when contact is intermittent?

Gripping: How much gripping force must be generated to resist wing gusts? What is the best way to
detect when a grip is failing so that the plane can recover before it falls?

Jumping: How should jumping be integrated with the return to flight? How can the control surfaces
of the plane be used to help stabilize the jump? How can the take-off approach be extended to MAVs
with a thrust to weight ratio smaller than one?

Ground effects: Can the changes in aerodynamics as the plane approaches a large wall be used to
facilitate landing? Are there specific lessons to be learned from animals such as flying squirrels and
bats about exploiting ground effects on vertical surfaces?

Platform design: What modifications can be made to the plane to provide more controllability during
landing and take-off, and to increase the robustness of the plane, without impairing its flight perfor-
mance?

The process of approaching, landing, gripping and take off

Figure [3]illustrates the sequence of actions required to perch on a wall with a fixed-wing plane. Initially, the
plane approaches the wall at cruise speed. Upon wall detection (5 to 10m away), the plane pitches to slow
down and stays in that orientation until wall contact. The suspension then absorbs most of the impact in a
way that allows the spines, or other adhesive technologies, to engage the surface. To further enhance the
probability of spine engagement, some control is applied during the short landing phase (e.g., by keeping
the thrust oriented toward the wall) before complete rest. Once landed, the plane can reorient itself, remain
still for extended periods of time, or take-off as desired. The following section describes some of the core
activities associated with each stage of the process.
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In parallel, investigations into biological exemplars will provide inspiration for design and control princi-
ples. Previous research has shown that much can be learned from joint biological and robotics investigations
to develop robots that run faster [11] or climb a range of surfaces using technologies like spines and dry
adhesives [29, 5]]. Similar results are expected from the investigations of landing, perching and controlled
jumping in spiders, flying lizards and birds. These insights will inform the development of new MAVs, which
will be inherently better suited to the requirements of frequent landing, perching, jumping and take-off.

To frame the discussion, we embed a cartesian coordinate frame (x;,ys,zs), as shown in Figure {4} at the
spines, which are generally arranged in a short row on the tip of a toe. When the toes are properly aligned for
gripping, the direction x; points upward along the wall, in the opposite direction of gravity, and z; is normal
to the wall.

Stage 1 - Initial approach

The first stage encompasses steps 2-4 in the sequence in Figure[3] As the plane approaches the wall, the pa-
rameters of interest include its distance to the wall, x, its linear and angular velocity [vx_ 13 Vyps Vapy Oxpy Oy, O
and its orientation defined by bank, elevation and heading angles, [¢,0,y]T. Our emphasis is particularly on
the final tens of centimeters of flight before contact, when there is little time for closed-loop control to mod-
ify the state variables; consequently, the final maneuver will be largely open-loop. The goal is primarily to
bring the plane’s final touchdown velocity, and bank and elevation angles, assuming small heading change,
within an envelope E (0, 9,vxf,vzf,(Dxf,(nyf,(ozf) in the instants before touchdown such that the next stage
can proceed.

]T

Figure 4: Plane on a wall and reference frames.
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The maneuver is accomplished using only the propeller and control surfaces. Initially, to maximize
control authority, the MAV will be taken from the class of lightweight acrobatic planes that can hover for
short periods of time (such as the plane in Figure[I)). Subsequent work will expand the approach to MAV's
such as the Wasp-III [4] that cannot hover and have minimum flight speeds above 3m/s. In this case, the plane
must execute an intentional stall just prior to contacting the wall. The methods used in [13] for perching a
glider on a bar or wire may be applicable. However, an interesting feature of landing on an extended wall
is that ground effects become important and can help with stabilization. MAVs with deformable wings
represent another interesting opportunity for exploring approaches like those taken by birds, flying squirrels
and bats to shed velocity rapidly in the final stages of flight [27]].

For the proposed work, a controller derived from the open-source Paparazzi Autopilot Project will be
refined and used to experiment with different landing trajectories for spine engagement. The development
of entirely new MAVs and controllers is not initially a focus of the proposed work. We have established that
the Classic board from Paparazzi for a vehicle such as the Flatana 3D aerobatic plane can be adapted for our
purposes. We have implanted a new controller on this board, using a lightweight IMU and ultrasonic range
sensor, to achieve controlled hovering and transitions between flight and hovering in large indoor spaces.
Although hovering has been accomplish with the IMU, the current algorithm combining the measurements
is designed only for small rotations. A more general filter is under development and will combine the
information from GPS, accelerometers and rate gyroscopes to get a more accurate state estimation during
3D maneuvers [24]].

This sensors suite will then allow us to improve our plane’s model so that we can simulate, optimize
[12]] and implement specialized maneuvers for smooth landing and take off. The model will be created
using a technique from [13| [1]] adapted to onboard sensing. This approach consists in performing numerous
trajectories, similar to the desired task, and fitting a model that will minimize the prediction error given the
current state and action.

As the plane approaches a wall or other surface, absolute sensing of velocity and orientation with re-
spect to the surface becomes possible. Candidate sensors include ultrasonic and optical (imaging, flow or
triangulation based) sensors, chosen for low weight, robustness, and the ability to produce information that
is not too noisy. Tests will be conducted to determine which combination of sensors is most effective. It is
interesting at this stage to investigate how animals, but mostly insects because of their limited sensing and
intelligence, detect the wall and prepare themselves for landing.

In Phase II of the proposed work, we will investigate the use of deformable wings for increased durability
from the impact, better aerodynamics during high angle of attack maneuvers and better exploitation of ground
effects to help in slowing down the plane.

Stage 2 - Stabilization and spine/asperity contact

After initial contact, the degrees of freedom of the plane are successively reduced as one and then both feet
are brought into contact. Passive and active properties of the legs are now available for stabilizing the plane.
The goal is to enter a smooth trajectory that lightly drags the spines down the wall to facilitate engagement
while maintaining a small force normal to the wall. Our initial approach is to rely primarily on passive
compliance in the legs, based on previous success with under-actuated leg mechanisms in Spinybot [5].
The suspension needs to be designed to provide the desired force and motion trajectory. On surfaces with
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smaller asperities, the thrust vector can be oriented slightly toward the wall to provide more normal force
and increase the likelihood of the spines grasping an asperity (Figure [2)).
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Figure 5: Comparison of conventional lightly-damped suspension and nonlinear hysteretic and friction
damping suspension. The nonlinear suspension eliminates the rebound which would make the spines re-
lease and reduces the maximum force.

The role of the suspention is to favor engagement of the spines, in the presence of uncertainties. To do
s0, the suspension must absorb the landing impact without creating any rebound, while also minimizing the
required suspension travel and the forces transmitted to the airplane. In preliminary work, we have developed
a nonlinear passive leg suspension (shown in the photograph in Figure[2]and modeled in Figure [3)), that uses
a combination of friction and hysteretic damping to prevent any rebound in the force loading the spines.
This is important because the spines can resist normal forces as long as they are loaded in shear. Assuming
the plane is moving downward, dragging its spines on the wall, the nonlinear suspension is much better
at ensuring successful spine loading. The next step is to extend the analysis to a multi-degree of freedom
problem involving loading in all three directions. Particular attention will be paid to mechanisms used by
animals during perching on vertical surfaces and the roles of tendons, muscles and skeleton for stabilization,
force dissipation and spine or claw engagement.

In parallel with numerical modeling of active and passive leg mechanisms it is important to conduct
tests of landing trajectories. Unfortunately, running many landing tests will initially result in many crashes,
requiring repairs to the plane. A more efficient solution for exploring the envelope of possible initial con-
ditions is to use a high speed robot arm to repeatedly launch an inexpensive, crashworthy airplane proxy,
equipped with legs, toes and spines, toward the wall. For this purpose, we can use the Adept One MV robot
at Stanford. This robot is capable of tip speeds up to 9m/s, which is more than adequate for testing our
landing strategies and starting to establish the “envelope” of feasible orientations and velocities from which
attachment can proceed. In Figure [6] the Adept grasps the plane and brings it to a specified orientation and

10
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velocity with respect to wall before releasing the plane, which then travels without active control until it
grasps the wall surface.

Figure 6: Sequence of images of the Adept robotic arm being used to throw the plane on a specific trajectory.

One of the challenges in designing the leg suspension is that traditional shock absorbers and actuators are
undesirably heavy. The leg will therefore need to exploit nonlinear viscoelastic materials and friction brakes,
etc. Our lab has designed prototypes of small and lightweight mechanically-tuned systems composed of
different materials using Shape Deposition Manufacturing [[11} 5]]. In early experiments, we have used the
Adept robot to test the suspension, at various speeds and trajectories, on an un-powered plane to help us
develop designs that we can compare with simple numerical models.

Figure [/| shows a comparison of experimental and actual forces and velocities for two different designs.
Suspension 2 is an improved version of Suspension 1, with greater damping due to nonlinear friction ele-
ments. This suspension, although still not optimized, performs significantly better, allowing the airplane to
land with initial velocities as high as 2.5 m/s.

Stage 3 - Spine loading and gripping

At the start of the final stage, the spines are traveling along the wall. We know from prior work [5, 29]
that the ability of spines to engage asperities on a surface is a function of several factors, particularly spine
tip radius compared to average asperity size, surface roughness properties including the average amplitude,
narrowness and slant of peaks and valleys, number of spines per foot and the spine approach vector, which
creates a swept volume that interacts with the surface. The general problem is captured in Figure |2} which
shows a spine creating a traced surface as it slides along a concrete profile. The marked regions are those on
which the spine can perch. Spine and asperity strength both scale as L2, however, the probability of finding
an asperity large enough to perch on scales roughly as 1/L* for many surfaces such as concrete and stone,

11
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Figure 7: Testing of two different suspensions. Suspension 1 has a damping ratio of 0.02 and fails if the
vertical (downward) velocity at landing is higher than 0.8 m/s. Suspension 2 has a higher damping ratio
(0.23) and gives the plane a larger envelope of initial conditions, with vertical velocities up to 2.5 m/s.

which have a fractal surface characteristic over some range of length scales. Practically speaking, for spines
with a tip radius of 10 um or greater, surfaces equivalent to 120 grit sandpaper or rougher will present enough
asperities per unit area for reliable gripping.

Spines can sustain loads of approximately 3.5N on surfaces like sandstone or concrete. Thus for the
current plane (350 grams), only a few spines are needed on each toe. A total of 10 spines is currently used to
absorb the dynamic load of landing (5 grams per foot, without any weight optimization), usually 2-10 times
higher than the static weight of the plane depending on the touchdown velocity and suspension design. On
friable surfaces like adobe, more spines may be needed to avoid failure of the surface asperities.

The spines are supported by a compliant suspension in the toe, whose stiffness can be defined at any in-
stant with a configuration-dependent stiffness matrix, K. The design of multimaterial elastic toe mechanisms
will build upon previous work for Spinybot, RiSE and Zman [5} 29]. In the present case, the parameters
of the stiffness matrix should be such that initially the stiffness in the Z direction is very low (to prevent
bouncing) and the off-diagonal terms K,,, K9, K9 should be low to prevent rotation of the spine, which
could cause it to slip off an asperity.

Because spines are directional, they only engage asperities and resist combinations of tangential and
normal force from a single direction. For a climbing robot, the weight of the robot is sufficient to load the
spines, but for a MAYV, especially in windy weather, we cannot rely on gravity. The solution is to use opposed
pairs of spines. Rough prototypes have resisted pull-off forces as large as 10 N (Figure[§). Improved versions
will use actuators for automatic deployment. Opposition can occur within a foot, with toes having opposing
spine directions, or between feet, using one or more actuated feet near the tail of the airplane.
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Figure 8: The figure on the left shows an unpowered replica of the plane clinging to a wall with compliant
legs. This linkage allows impact absorption at the ankle and knee joints, while favoring spine engagement.
The knee and ankle provide a combination of stiffness, damping and friction. The figure on the right shows
an early prototype of opposing spines passively holding 600g.

Wall maneuvers and take-off

During Phase II of the proposed work we will explore strategies for using a combination of propeller power
and legs with spines to execute maneuvers on the wall. The first of these maneuvers is crawling forward,
inspired by wing-assisted climbing [[7,[15] in a few bird species, and can be achieved using the propeller and
the plane control surfaces to guide the legs. Note that with spines in contact, each foot can slide forward
but not backward. Using this crawling motion, the plane can be slowly reoriented to get a better observation
angle or reach a more secure location.

Another maneuver that could benefit from interaction with the wall is to do a jump assisted take-off.
This would allow the plane to reach airspeed almost immediately after it disengages its spines and to clear
the wall with minimum altitude lost. Such maneuvers would be especially useful on planes with a thrust
to weight ratio less than unity. The mechanism for storing elastic energy and releasing it can be adapted
from other recently developed small jumping robots [25]. We will also investigate whether the elastic and
damping mechanisms that stabilize the plane during landing could be effective during takeoff as well.

While not related to perching, that jump assisted take-off ability could be useful on the ground as well.
Most MAVs are so light than they can land successfully and robustly by doing a simple “crash” onto the
ground. But take-off remains a problem, especially on uneven terrain. A jump-assisted take-off could over-
come this problem.
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Summary

In summary, the process of landing and perching can be decomposed into a series of clearly defined stages
that make it feasible for a small plane to execute the entire sequence autonomously. The main challenge will
be to do it reliably, in the presence of sensor noise, wind gusts, etc. Much of the proposed work is aimed
at developing robust solutions for mechanisms, sensor interpretation and control that will provide reliable
operation under realistic conditions.

14



October 2, 2008

(©Mark Cutkosky and Alexis Lussier Desbiens

Perching whitepaper

=+ 23pd 3x2u U0 paNURUO))

"A319u9 Fuiqiosqe pue 3ur
-ZI[1qE)S Ul SOTUBYOSW [BINJONIS
oarssed Jo 901 oyl 9zA[euy

II °seyq ur uon
-1sueq) A3o[ouyo9) 1oy swaojierd
AVIA 9[qeIInS 1s3) pue Ajnuap|

“[[eM SY) WIOIJ 9SBI[aI
0} saurds oy Surmofpe oym auwgar Surky ay3 ojur aueyd
oy uonisuen) A[pider [[1m 1ey) JoAnaueW JJo-ayel e dofora(g

"uors
-uadsns 39 pue AV UO S)ns
-1 TeouoWNU PIM uosLredwod
Joy Surpue] jo siskeue derd
9010j pue Supjoen (¢ 1onpuo))

"A[Snowouoine spue|
1’} AVIA ® Suisn Apjusanbasqns
pue [em oy uo paoeld Afen
-UeW AVIA Sursn A[[eniur ‘ayms
JOSUQs [elIUl JO S)$3) JONPUO))

‘WYS1Y JO WIG'() [BUY SY) UT UOTJBIUD
-110 pue 9pmIIe JO [01U0d Paads-mo[ paroidwir J0J [0ONUOD
doo[ pasoo pue siolABUQq PIEmMIO}-PId) JO UOHBUIQUIOD
e M 1oanduew Juryored ewmndo oy wojred 03 Io[jon
-u0d pualxg -ouel[d 9y} UO UOIBOYNUIPI WAISAS ULIOJId]

‘paadsare Surysijqeisa A[pider
1oy so13ajens jo oyel ato[dxyg

‘(uonez)
-0BIRYD 908JINS JO JULIO}IUOW [€}
-UQWUOIIAU ‘QOUR[[IOAINS °5°9)
suonesrjdde 10j onsind 01 s10S
-U9S JO Q)NS QYY) QUIUWLINR(

"SQOeJINS [[em Jo aSuel
B $S0I0B AJIIGRI[aI puR ADBINOOE 1S3q IO Spoyjawl JUIssad
-01d TeuSIS pue SIOSUAS JO SUORUIQUIOD JUIIJIP IS, ‘T[em
U} 01 39adsar YIim AIJIDO[QA 29 UOIIBIUALIO JO SUISUIS (19Se|
Jo/pue OTUOSEI}[N) 9JN[OSqe SN 0) SIOSUAS PPV  SISANAU
-BW (J¢ 01 UonRWINSa uonisod pue oapmnie AVIA U3 puaIxyg

"SQOBJINS [BO1IAA UO Yo1ad pue
pue] A[Te[n3aI jey) $109sul 10 Sieq
KQ pesn SIOIABYOQ puB SWSIU
-eyoaW 0) UONUSNE Ie[NonIed

‘9)Ins
JOSUas AVIN 9U) Woij/o} uon
-BWIOJUT SUIIWSURI) JIOJ W)SAS
suonedunWwod 1zzereded oY)
0] s10suds peojAed oY) 9eISauf

"SIQANQUEW FUIPUE] [MJSSAIONS I0J SANIOO[IA
‘SUOTIBIUALIO TenIul JO 9dO[OAUD YSI[qeIS? 0] SUnorI} UOIS
-IA pue G_ a1n31]) (syug paads xeur) j0qo1 auQ 1dopy asn)

"sa1391e13S JJo-o3e) pue Suryorad
‘Gurpue] Jo UONBINSIAUL JAY)INJ
I0J palINs 1S9q S[EWIUR AJUapl
pue armeld A30[01q MIIARY

"SIOSUQS peo[
-Aed oy 10 waIsAs Jomod pue
Josuas ‘10ssooordororu payeIsa)
-ur pezumyerurw ‘snqol dojeasg

'SQ0BJINS

[[eA 2qOpe pue 09oN3S YOLIQ ‘912I0U0D UO $IS9) JoNpu0))
Juowagesud aulds 9jowold pue Furounoq juarard ‘A3roua
qI0Sqe ‘SANID0[AA 29 SUOIIBIUALIO SUTODUL JO 93URI 9JepOol
-wodoe 1ey) saulds J0J sJuawo[a uoisuadsns 90) pue Fo[ J[qe
-Kordep dofaaap 01 E 2InS1]) $1$9) pue S[OPOW [BILIQWNN
(sypuow 1) T 3seyd

“Apqe
-I[31 ‘A)IesIdA “‘Ayise 19)edas
J0J SWISTURYIIUW PUE SIANU
-ewr paaidsur-org :z uondQ

*JJeIDIIB MIU B Ul
uoneIdNuI A30[0uydI)} 2 SUoI}
-edidde J0j suonEIUNWIWOD
‘Guisuads padueapy :1 uondQ

*S3JBJINS [BI}IIA WOIJ JJo-3¥e) ‘Surydiad ‘Surpue] d1seq

QuI[ow) pue SaUOIsIW ‘syse) pasodoid jo Arewwung :¢ 9[qeL,

15



October 2, 2008

(©Mark Cutkosky and Alexis Lussier Desbiens

Perching whitepaper

=+ 23pd 3x2u U0 PaNUUO))

SAVIA SUIm-9[qeuIojop
uo uoneyuowddwr o3 9qeord
-de oq Aew je Jjo-oye1l ‘Sul
-pue[ I0J soxopel pue sosuods
-a1 A1osuas oyroads 91e3nseau]

"90URIQ[O} 9ZeWEp
pue [01u0d paads-mo[ paroadur
Joj s3umm o[qewojop a1odxg

*9oeJans ay} o3e3us 0) [1e) saulds uaym Joj seinpadoxd
AI9A009a1 oyes dofead “spuiam ySi ur jjo-ayel ‘uryorad
‘Guipue ‘yoeoidde snowouoine JeNSUOW(] :SSAUISNQOY

"UONBZI[IQe)S
pue ase9[al pue 293el10)S A3I0UQ
Jo jurodpue)s woly sargajens Jjo
-oye1 pasisse-dwnl a1e31soau]

“yrun uey) Jo[[ews
oner JYS@m 0] ISnIY)  UYIm
soue[d 10J uonerouad A1ojoalel],

‘uon
-dumsuoo A31oua mo1 yim Ajprdes paadsire yoeal 0} Jjoayel
passisse-dwnl 10 391818 [0NU00 pue WsTURYIIW dO[aAd(]

"JOBJUOD UO UOTJBIUILIO
J[qeIOAB] OIUT JYSNOIq I8 SMB[D
jey) SuLINSUS pue UONBZI[IQR]S
UO UOJI[YS ‘Sa[osnuu ‘Suopua) Jo
9[0I 2y} JO SISA[eUR J[BIS-OIOBW
pue OIOIW PI[IRIP JONpuo))

‘wojyerd Sunsixa ue
ojur sar3ojouyod) Juryorad 9)ei3
-Q)uI 10 ‘AVIN Mau Jo u3Isaq

‘sJsn3 puIm WNWIXEU PUB 90I0) WNW
-Ixew saoeJins snolreA uo saulds pasoddo yim Sur3urd
Jo A1orUQ) U} 1S9, "SQJBJINS PalIdAUl uo Juiduey Joj pue
spuim 3unsisal 1o 9010 Jjo-1ind y3iy © aasryoe o3 sourds
paosoddo ‘Arepuooos Surde3ue 1oy wstueyoowr dofaaa

(Sypuowt p7-7T) 11 3s8Yd

"SUOIIIPUOD W[BD
Jopun 91945 9y} JO UOHEBINSUOWAP Ssnowouoine A[[nj e 9q
14 (Syjuow ) UONENSUOWP [eul -UONISUeI) Surpue|
orweuAp YIm 9[0L0 UONBNSUOWRP ANIIXH :Jjuow 7

“I9[[ONU0D AVIN
oY} WOIJ UOTJBZI[IGEIS [9AS[-MO] IIM ‘[013U0d )Y Atosiazad
-NS Iopun pajonpuod aq A[feniur [im sisa], ‘yoeoidde 3ur
-IOAOY MO[S )M I[0AD UOTJBIISUOWAP INIAXY :Jjuow 9

‘Sur
-yorad 10 somweyoow Furdserd
pue Anowoa3 Mme[d JzAeuy

-aseyd yoes 18 uondwnsuod 4319
-UQ JO $159) 10NpuUO)) "UINJAI ‘JJo ey ‘uo ramod ‘Surdurd
‘go 1amod ‘Furyoiad ‘Surpuey ‘[em 031 yoroidde 91040 uon
-eISUOWpP [ aseyq 919[dwod 2y} Jo SIS} [eNIUT JONPUO))

"Ayqe
-I[31 ‘AynesaaA ‘Ayise 19)ed.s
J0J SWISIUBYIIUW PUE SIIANU
-ewl paadsur-org :z uondQ

*JJEIDIIE MIU B Ul
uoneagaul £30[0uydd) p suon
-edqdde J10j suonEIUNUWIWIOD
‘3uIsuds padueapy :J uondQ

*S3JBJINS [BI)IIA WOIJ JJo-3y ) ‘Surydodd ‘Surpuey diseq

- 28pd snoinaid woif panuiuo))

16



October 2, 2008

(©Mark Cutkosky and Alexis Lussier Desbiens

Perching whitepaper

‘paadsare jo
JUSUWIAARIYOE I9)Se] pue Jjoaye: pajsisse-dwnl ypim s3uraes
AS10U2 9JeNSUOW(] "MAIA I9))oq JOJ dJ€JINS AY) UO UONE)
-UQLIOAI pue SUI[MBID MO[S Op 01 AJI[Iqe JenSuUowWd( "AId
-A0DQ1 IN[IEJ 1SNQOI JBISUOW(] "SPUIM dJBI3pOUW 0} WSII|
Ul wInjal ‘JJo ey ‘@oue[[roains ‘guryorad ‘Surpue| ‘yorord
-de jo o045 9jensuowap ([eloW ‘poom ‘020N)s ‘PIIOUOD
“ouq) srenajew 3uipping o[dnnu 104  (UONBISUOWI(]

‘(quawyoeye yiwaad 03 Suons 03 spuIm J0 YJoows 00}
soepns “3-9) 9[qrssod jou st Juryorad pue Surpue] 18yl JUIAD
9 Ul 2In[rej [nJoorI3 AJensUOWpP pue ([ejowl ‘poom ‘3-9)
uo yoxad ued aueld ey} seoeyins Juiping Jo a3uel 9sLAIOU]

‘SuIquIIO paIsIsse-3urm
Surwojrad  piiq  91e3Insaauf

‘(doue|
-[1oAInS  ‘FULIOJIUOW [BIUSUIUOT
-IAUQ  °'9) oureuads suonedrd
-de paroores 1591 pue dopaaaq

"90BJINS [[eM UO UOTJBIULIO
-aI pue SuI[MeId MO[S 10J [0NUO0D pue wsiueydaw do[aad

"Ayqe
-I[31 ‘AynesaaA ‘Ayise 19)ed.s
J0J SWISIUBYIIUW PUE SIIANU
-ewl paadsur-org :z uondQ

*JJEIDIIE MIU B Ul
uoneagaul £30[0uydd) p suon
-edqdde J10j suonEIUNUWIWIOD
‘3uIsuds padueapy :J uondQ

*S3JBJINS [BI)IIA WOIJ JJo-3y ) ‘Surydodd ‘Surpuey diseq

- 28pd snoinaid woif panuiuo))

17



Perching whitepaper (©Mark Cutkosky and Alexis Lussier Desbiens October 2, 2008

[1]

(2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

References cited

Pieter Abbeel, Varun Ganapathi, and Andrew Y Ng. Real-time attitude and position estimation for
small uavs using low-cost sensors. Neural Information Processing Systems, 18:8, 2006.

Aerovironment. Dragon Eye Datasheet. Jul 2006.
Aerovironment. Raven B Datasheet. Oct 2006.
Aerovironment. WASP-III Datasheet. Jun 2007.

Alan T Asbeck, Sangbae Kim, M.R Cutkosky, William R Provancher, and Michele Lanzetta. Scaling
hard vertical surfaces with compliant microspine arrays. International Journal of Robotics Research,
25(12):14, Sep 2006.

Richard J Bachmann, Frank J Boria, Peter G Ifju, Roger D Quinn, Jeffrey E Kline, and Ravi
Vaidyanathan. Ultility of a sensor platform capable of aerial and terrestrial locomotion. International
Conference on Advanced Intelligent Mechatronics, pages 1581-1586, Aug 2005.

Matthew W Bundle and Kenneth P Dial. Mechanics of wing-assisted incline running (WAIR). Journal
of Experimental Biology, 206:4553-4564, 2003.

Greg Byrnes, Norman T.-L Lim, and Andrew J Spence. Take-off and landing kinetics of a free-ranging
gliding mammal, the malayan colugo (galeopterus variegatus). Proceedings of the Royal Society B:
Biological Sciences, 275(1638):1007-1013, Feb 2008.

Gerald Caple, Russell P Balda, and William R Willis. The physics of leaping animals and the evolution
of preflight. The American Naturalist, 121:455-467, Sep 1983.

G Card and M Dickinson. Performance trade-offs in the flight initiation of drosophila. Journal of
Experimental Biology, 211(3):341-353, Feb 2008.

Jorge G Cham, Sean A Bailey, Jonathan E Clark, Robert J Full, and Mark R Cutkosky. Fast and robust:
Hexapedal robots via shape deposition manufacturing. The International Journal of Robotics Research,
21(10):14, Mar 2002.

Adam Coates, Pieter Abbeel, and Andrew Y. Ng. Learning for control from multiple demonstrations.
Proceedings of the 25th International Conference on Machine Learning, 2008.

Rick Cory and Russ Tedrake. Experiments in fixed-wing uav perching. Proceedings of the AIAA
Guidance, Navigation, and Control Conference, Aug 2008.

DelFly. DelFly II home page. http://www.delfly.nl/, 2008.

K. P Dial. Wing-assisted incline running and the evolution of flight. Science, 299(5605):402—-404, Jan
2003.

Draganfly. Draganfly.com industrial aerial video systems & UAVs. http://www.draganfly.com, 2008.

18


http://www.delfly.nl/
http://www.draganfly.com

Perching whitepaper (©Mark Cutkosky and Alexis Lussier Desbiens October 2, 2008

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]
(31]

(32]

[33]

Adrian Frank, James S McGrew, Mario Valenti, Daniel Levine, and Jonathan P How. Hover, transition,
and level flight control design for a single-propeller indoor airplane. AIAA Guidance, Navigation and
Control Conference, Aug 2007.

Joel M Grasmeyer, Matthew T Keennon, and Aerovironment. Development of the black widow micro
air vehicle. 39th AIAA Aerospace Sciences Meeting and Exhibit, Oct 2001.

W Green and P Oh. Autonomous hovering of a fixed-wing micro air vehicle. [EEE International
Conference of Robotics and Automation.

W Green and P Oh. A mav that flies like an airplane and hovers like a helicopter. Advanced Intelligent
Mechatronics. Proceedings, Jan 2005.

W Green and P Oh. A fixed-wing aircraft for hovering in caves, tunnels, and buildings. American
Control Conference, Jan 2006.

Frank H Heppner and John G.T Anderson. Leg thrust important in flight take-off in the pigeon. Journal
of Experimental Biology, 114:285-288, Mar 1985.

Lewis Illingworth and David Reinfeld. Vortex attractor - US 6,565,321 B1. United States Patent,
page 40, Sep 2003.

Derek B. Kingston and Randal W. Beard. Real-time attitude and position estimation for small uavs
using low-cost sensors. AIAA 3rd Unmanned Unlimited Systems Conference and Workshop, September
2004.

Mirko Kovac, Martin Fuchs, Andre Guignard, Jean-Christophe Zufferey, and Dario Floreano. A minia-
ture 7g jumping robot. International Conference on Robotics and Automation, pages 373-378, 2008.

Paparazzi. Paparazzi, the free autopilot. http://paparazzi.enac.fr, 2008.

K. E Paskins, A Bowyer, W. M Megill, and J. S Scheibe. Take-off and landing forces and the evolution
of controlled gliding in northern flying squirrels glaucomys sabrinus. Journal of Experimental Biology,
210(8):1413-1423, Apr 2007.

Umberto Scarfogliero, Cesare Stefanini, and Paolo Dario. Design and development of the long-jumping
grillo mini robot. IEEE International Conference on Robotics and Automation, Feb 2007.

M.J Spenko, G.C Haynes, J.A Saunders, M.R Cutkosky, A.A Rizzi, and R.J Full. Biologically inspired
climbing with a hexapedal robot. Journal of Field Robotics, Feb 2008.

UF MAV. UF MAV lab home. http://www.mae.ufl.edu/mav/, 2008.

A Wickenheiser and E Garcia. Longitudinal dynamics of a perching aircraft. Journal of Aircraft, Jan
2006.

A Wickenheiser and E Garcia. Perching aerodynamics and trajectory optimization. Proceedings of
SPIE, Jan 2007.

Adam M Wickenheiser and Ephrahim Garcia. Optimization of perching maneuvers through vehicle
morphing. J. Guidance, 31(4):815-823, Jul 2008.

19


http://paparazzi.enac.fr
http://www.mae.ufl.edu/mav/

Perching whitepaper (©Mark Cutkosky and Alexis Lussier Desbiens October 2, 2008

A Control System for Hovering

The control system for hovering is based on three sensors: a 3-axis accelerometer (ADXL330 rated at +-3g),
a 3-axis rate gyroscope (two IDG300 rated at 500 deg/sec) and a ultrasonic range sensor (SRF02). Both
accelerometer and gyroscope are acquisitionned at 60Hz while the SRF02 is updated at 10Hz. The weight
of all these sensors is less than 10 grams.

The idea of the control scheme is to combine the gravity vector measurement from the accelerometer at
low frequency with the angular rate of the gyroscope at high frequency to get accurate attitude estimation
for control. This filter eliminates the drift that we would result from the gyroscope integration, and provides
accurate measurement at higher frequency than if the accelerometer alone was used. We are using a second-
order complementary filter to combine the measurement in a simple and efficient way.

Ts+1 2_ s 215+ 1
e(s)<‘5s—|—1> _(Ts+1)26g(s)+mea(s) 0

where Gg and 0, are respectively the gyroscope and accelerometer measurements. A value of T = 1
rad/sec was found to provide an good balance between the gyroscope and accelerometer measurements.

Pitch and Yaw

The controller, for pitch and yaw, was first designed using the Ziegler-Nichols method, then transformed in
a lead filter:

s+5.3
s+26.5

Hya,, = 2000 (2)
Before being used by this controller, the pitch and yaw measurement are low pass filtered at about 15
Hz. The controller uses the input from the RC controller for trimming.

Roll

The roll controller consists of a proportional controller around the gyro measurement. It damps the roll
motion enough so that the desired position is maintained through the hovering or perching maneuver. The
signal from the gyro is also low-pass filtered at 2Hz.

Altitude

The SRF02 currently used for the altitude control has a fairly low update rate and a much shorter range than
called for in the specifications. We are currently looking for a replacement. If the SRF02 is used alone, the
combined sensor and motor delays produces large oscillations.

Stable hovering has been achieved using successive loop closure. An inner loop, based on the accelerom-
eter measurement, eliminates the slow dynamics of the motor and sensor while the outer loop uses the SRF02
measurement to control the altitude. This result in stable altitude control.
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Figure 9: Diagram showing inner and outer loop for altitude control.
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