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Abstract
This paper presents recent research efforts to
extend the functionality of unmanned aerial
vehicles beyond passive observation to active
interaction with and manipulation of objects.
The archetypical aerial manipulation task —
grasping objects during flight — is difficult due
to the unstable dynamics of flying vehicles and
limited positional accuracy currently demonstrated by hovering vehicles.
Conventional rigid robot grippers require
centimetre-level accuracy positioning to successfully grasp objects. Instead, we utilise passive mechanical compliance and adaptive underactuation in a gripper to allow for large positional displacements between a vehicle and
target. We show that our approach allows a
helicopter to reliably grasp objects, robust to
the inherent inaccuracy of the aircraft’s landing precision.
This paper begins by describing key challenges
of the aerial manipulation task, then presents
our approach to overcoming these challenges,
and finally demonstrates experimental results
showing successful grasping of a range of objects as a function of landing accuracy.

1

Introduction

Unmanned Aerial Vehicles (UAV) have rapidly evolved
into capable mobility platforms able to manoeuver, navigate and survey with a high degree of autonomy. A
natural progression for flying robots is to increase the
scope of their functionality beyond simple motion and
observation to include interaction with objects and the
fixed environment.
While the flying ability of UAVs promises capabilities
not available to any wheeled or legged terrestrial robot —
rapid traversal of impassible terrain, movement around
3D environments and an unlimited vertical workspace

Figure 1: Yale Aerial Manipulator Hovering with a 900 g
Payload Object.
— the role of UAVs is largely limited to that of a passive observer. Currently, UAVs avoid all surface contact,
save the ground during landing, and object interactions
are limited to highly constrained cases, such as slung
loads suspended by flexible tethers [Bernard and Kondak, 2009].
Robust object retrieval and deposition capabilities for
UAVs in particular, as opposed to wheeled or legged
robots, is uniquely compelling because aerial vehicles
are capable of reaching elevated locations inaccessible
to ground robots. Furthermore, UAVs also travel significantly faster over longer distances, making for efficient
transport of payloads. Chains of inexpensive short-range
autonomous vehicles could be linked through automated
transfer points to form a ‘pony express’ system capable of rapidly moving payloads throughout a distributed
logistics network without human intervention. Hovering Vertical Take-Off and Landing (VTOL) UAVs, such
as helicopters and quadrotors (Fig. 1), are particularly
appealing platforms for object manipulation: they can
come to a stop over an object in order to interact with
it, whereas an fixed-wing aircraft must maintain a minimum velocity.
One of the most difficult aspects of the task is that
the hover positioning accuracy of the helicopter is poor.

Object capture with a rigid end effector such as a gripper or hook requires both accurate sensing of the relative positions of the helicopter and the object, as well as
high-bandwidth flight control to eliminate disturbances
and biases from aerodynamic effects. In practice, VTOL
UAVs are not yet capable of sufficiently precise outdoor
flight to enable grasping with a rigid manipulator [Kuntz
and Oh, 2008].

1.1

Aircraft-Object Interaction

Previous instances of robotic flying vehicles capable of
autonomously acquiring generalised passive target objects have not been identified by the authors. However,
several limited examples of flying vehicles autonomously
interacting with highly structured objects have been
demonstrated. A well-known example is in-flight refueling of full-size aircraft. Automated vision-based aircraft and drogue detection and coupling has been demonstrated for both manned and unmanned aircraft [Mammarella et al, 2008; Scott et al, 2007]. A similar task
is landing rotorcraft UAVs on a ground-based charging
station [Wills et al, 2006], although in this work the positional control of the aerial vehicle was insufficient to
precisely land on the recharger electrical contacts.
A common form of helicopter-object interaction is the
transport of slung loads, especially in the logging and
construction industries. In these applications the load
is not acquired automatically, but is attached by a human operator on the ground. UAV rotorcraft have successfully transported slung cargos, both singly and cooperatively. Bernard and Kondak demonstrated three
autonomous helicopters collectively transporting a 4 kg
mass, each holding a single sling line [Bernard and Kondak, 2009]. Michael and Kumar performed a similar experiment using small quadrotors to move a frame structure [Michael et al, 2009].

1.2

Structured Aerial Object Retrieval

Two efforts to develop autonomous payload acquisition
have been identified, both of which rely on heavy structuring of the target object to simplify the task. In an
early aerial robotics competition, entrants were required
to acquire small metal pucks and transport them around
an arena, with the common solution consisting of a hanging magnet at the end of a probe [Amidi et al, 1998;
Borenstein, 1992]. Another approach employs a midsize autonomous UAV helicopter with a hook at the end
of a probe to snag a target object fitted with a large
hoop, accommodating the coarse positional accuracy of
the platform [Kuntz and Oh, 2008]. Both of these approaches constrain the carried object to a prepared payload and are therefore not suitable for generalised object
retrieval and transport.

Figure 2: Yale Aerial Manipulator System.

1.3

Grasping Unstructured Targets With
Compliant Grippers

Our approach is to instead use a compliant underactuated manipulator mounted ventrally between a helicopter’s skids (Fig. 2). This type of manipulator has two
essential advantages: it can conform to object shape, allowing reliable blind grasping of arbitrary objects, and
it can reliably grasp with large displacement between
the axis of the gripper and the centre of the target object. Consequently, unlike rigid grippers, hooks, magnets or sticky pads, this type of manipulator requires
no preparation or structuring of the target object (no
catches, ferromagnetic material, flat surfaces) in order
to successfully capture payloads in the presence of large
positioning errors.
While indoor uses for grasping UAVs are extensive,
we are particularly interested in outdoor and field applications. Our system design and analysis is undertaken
without assumption of highly accurate position systems
such as fixed cameras or VICON sensors, or still-air atmospheric conditions.
In this paper we survey the major challenges posed
by the aerial manipulation task in aerodynamics, flight
control and grasping mechanics, and present the case
for compliant grippers for aerial manipulators. We describe the Yale Aerial Manipulator, a small-scale helicopter platform with an integrated gripper module based on
the SDM Hand [Dollar and Howe, 2010] for use in hovering grasping experiments. Preliminary experiments to
capture operational performance data demonstrate the
initial functionality of the system. Results from these
experiments are presented, along with an analysis of observed phenomena and future issues to be addressed.

2

Challenges of Aerial Grasping and
Manipulation

There are several obstacles to be overcome in developing
grasping functionality and manipulation capabilities for
outdoor hovering platforms. The process of capturing
a target involves approaching an object and descending
over it, grasping it with the gripper and then flying away

Similarly, wind gusts during hover can produce this effect. However, ground effect is relatively benign in the
quasi-static flow regimes of slow or stationary hover.
By approaching and hovering above the target site out
of ground effect and then descending vertically, the aircraft does not translate laterally through the ground effect region and prevents the development of these unsteady flow conditions [Yu et al, 2007]

Figure 3: Helicopter Wake in Ground Effect (a) and
Ground Vortex (b).
with it. Each of these tasks poses challenges unique to
the aerial manipulation task.

2.1

Approach and Descent

The success of a grasp is highly dependent on placing
the gripper accurately over the target object. In outdoor
flight, positioning precision achievable is dependent upon
sensor performance, aerodynamic disturbances and the
performance of the vehicle.
Ground Effect
When grasping terrestrial payloads, the helicopter must
necessarily operate near the ground. In free air, rotor
wake disperses beneath the helicopter and attenuates
some distance downstream. However, when a helicopter flies close to the ground (within approximately one
rotor-diameter distance), the wake of the rotor is contained by the surface underneath it, creating a cushion
of air referred to as ‘ground effect’ (Fig. 3a) [Leishmann,
2006, p258]. This cushioning increases the lift generated
by the rotor and is experienced by the aircraft as a repelling force resisting descent.
Ground effect, combined with rotor inflow damping, makes rotorcraft inherently stable in altitude near
ground [Pounds and Dollar, 2010]. However, the ground
effect force is cubic, making smooth reduction of thrust
to descend towards the ground difficult, and the sensitivity of hover power to ground proximity requires feedback
control to finely regulate altitude. Failure to adequately
compensate will cause the aircraft to plunge or bounce,
missing the target point.
Furthermore, as a rotorcraft moves laterally through
ground effect the deflected wake is pushed ahead of the
aircraft and can be entrained and recirculated by the
rotor. This causes a sheet of air to roll into a ground
vortex (Fig. 3b). When this vortex enters the rotor, the
thrust decreases rapidly, causing the helicopter to lose
altitude while already close to the ground — an effect pilots experience as ‘falling off the cushion’ [Prouty, 2002].

Waypoint and Hover Position-Keeping Accuracy
As the helicopter descends on final approach to the object, it must remain aligned with the target. The inaccuracy of VTOLs stems both from limited sensor precision
and responsiveness of the craft.
Common positioning methods used by UAVs, such as
GPS, are not yet accurate enough to place the helicopter over an object with known coordinate within the
very small bounds required for precise manipulation;
the high-precision positioning methods used by indoor
robots are not applicable. For grasping objects without precisely known locations, even accurate location
measurements are of limited use. In these situations,
other methods or sensors for object detection and terminal guidance will be required to close the loop around
the relative target position.
Furthermore, small VTOL UAVs are sensitive to gusts
and disturbances during hover which makes maintaining a single position difficult. Rotorcraft UAVs, such
as helicopters and quadrotors, couple pitch and translation through the directing of rotor thrust which limits
achievable positional control bandwidth. Typical UAV
station-keeping accuracy is tens of centimetres; the Rotomotion SR-100 UAV has a reported 200 mm positionkeeping accuracy [Kuntz and Oh, 2008]. The amount
of positional error a typical end-effector may tolerate in
order to capture an object is significantly smaller than
such an aircraft can accommodate.

2.2

Laden Flight

Given a successful grasp, the helicopter must then transport its payload. Due to the limited landing precision
achievable with helicopter platforms, the carried object
is likely to be off-center or imbalanced. The helicopter
must be capable of lifting the object with safety and
stability.
Thrust Margin
Helicopter rotors produce a limited amount of thrust to
lift the combined weight of the vehicle and cargo plus
an additional fraction to allow for vertical acceleration,
called the ‘thrust margin’. As payload is added, the extra thrust available for ascent decreases; when the net
weight of the vehicle equals the total thrust produced,
the helicopter will be unable to climb. Although an overloaded helicopter may still lift off with insufficient thrust

Figure 4: Cyclic Control Limits of a Helicopter: Center
of mass inside (a) and outside (b) cyclic range.
margin, it may be unable to climb effectively to escape
emergency conditions.
A typical thrust margin for vertical take-off and landing UAVs in hover is 30 per cent of the vehicle weight
[Pounds and Mahony, 2005], while specialised acrobatic
model helicopters can have thrust margins in excess of
100 per cent. These aircraft can carry up to half of their
unloaded weight, and still maintain 30 per cent thrust
margin for slow, level flight.
Trim and Cyclic Control Margin
Conventional helicopter balancing places the payload’s
center of mass coaxial with the rotor shaft so that the
thrust force is aligned with the load. Due to the positioning error inherent with aerial grasping, the payload
may be significantly off-center when captured. An offset
load weight force and the rotor thrust produce a torque
couple that acts to destabilise the aircraft [Raz et al,
1988].
In flight, small imbalances can be trimmed out by adjusting the cyclic blade pitch inputs so that the thrust
vector is tilted to pass through the true center of mass.
One degree of cyclic blade pitch results in one degree of
thrust angle deflection [Leishmann, 2006, p182]. A typical small helicopter has a useful blade pitch range of 20
degrees [Prouty, 2002], which requires that the center of
mass of the helicopter-gripper-object system fall within
a cone of approximately 10 degrees from the rotor axis
(Fig. 4a). However, utilising the full range of cyclic control to actively trim out load offsets comes at the expense
of limited maneuvering control.
An unbalanced helicopter has less ‘maneuvering margin,’ the available cyclic range to affect maneuvers
[Leishmann, 2006]. If the payload is sufficiently imbalanced, its center of mass may be so far from the rotor axis that cyclic rotor trim cannot compensate; if the
combined center of mass of the system lies outside of the
cyclic cone, no degree of applied control will stabilise the
vehicle in flight (Fig. 4b).

Dynamic Load Effects
Adding payload mass to the aircraft changes the dynamics response of the system. The aircraft’s flight control
system must continue to maintain stability with altered
attitude dynamics and must also reject any bias torque
induced by a shifted center of mass. If the controller
does not maintain stability with changed mass parameters or cannot reject these disturbances, the system will
be destabilised whenever an object is grasped. This is
especially important where a linear commercial off-theshelf system is used, which may not be adaptable to a
changing plant mid-flight. Adding mass to the vehicle
slows the natural frequency of the attitude dynamics.
This has the advantage of filtering out high-frequency
disturbances, but makes it harder to affect fast course
corrections.

2.3

Object Capture

Once the vehicle is positioned over the object to be retrieved, it must then successfully close its gripper and
hold fast to the target. Robot grasping is a well-studied
area (e.g., [Bicchi and Kumar, 1996]); however, the
aerial capture task poses particular challenges.
Position Error and Blind Grasp Reliability
Without accurate localisation sensors to ensure perfect
alignment with the target, the grasp must be performed
with a high level of positional error. This can be likened
to blind grasping, in which the exact relative positions of
the manipulator and object are unknown. Grippers for
blind grasping must be robust to significant variation in
approach angle, lateral position offset and object shape
[Dollar and Howe, 2010].
Conventional rigid robot graspers require a level of
precision incompatible with that of a typical helicopter platform. Computational object-based methods for
grasping (e.g., [Shimoga, 1996]) are unlikely to succeed
in these conditions, as the target cannot be characterised
with sufficient certainty to compute robust grasps, nor
reliably position the gripper in order to execute them.
Acceptable grasp position variation may be as little as
several millimeters.
Contact Forces
Furthermore, positional variation and misalignment of
the object in the gripper can lead to large contact forces
being applied to the object. Stiff mechanisms making
early or late contact with surfaces will not properly conform to the target shape. If form closure is not achieved,
the object may be grasped weakly; if force closure is not
successful, the object may be ejected entirely. Crucially,
forces transmitted to the object are likewise applied back
through the gripper to the airframe. This is potentially
dangerous: if the helicopter’s gripper strikes or jams on

the object, it could destabilise the vehicle and result in
a crash.
Gripper Mounting
Hovering flight limits a helicopter to maintain a flight
attitude normal to gravity. Consequently, the grasping
pose for capturing objects is limited to the orientation at
which the gripper is mounted to the vehicle. Possible orientations include (but are not limited to) ventral mounting between landing skids and forward mounting in the
nose1 . For ventral mounting, the gripper has access to
objects from above but is constrained by the presence
of the ground, which may inhibit fingers from wrapping
around the object - this prevents power grasps and limit
the gripper to finger-tip grips. The position of the gripper is also important given the impact of adding weight
at different locations around the vehicle when an object
is captured.

3

Compliant Underactuated
Manipulators for Aerial Grasping

Adaptive manipulators constructed from elastic materials promise impressive capabilities from simple, yet flexible, mechanisms. The SDM Hand [Dollar and Howe,
2010], in particular, has two crucial features that enable reliable grasping in the presence of large positioning errors — passive mechanical compliance in the joints,
and an adaptive and underactuated transmission. These
have substantial advantages in facilitating the capture of
target objects from hovering platforms with poor positional accuracy.
Compliance in the grasping mechanism accommodates
positional uncertainty though passive adaptation to contact. Robot compliance has often been considered in
the context of active control, where sensors and actuators are used to achieve a desired force-deflection relationship, with many studies devoted to impedance analysis and control (e.g., [Salisbury, 1980; Mason, 1981;
Cutkosky and Kao, 1989]). However, this requires the
active use of position/velocity and force/torque sensor
signals in the robot joints or end-effector. This approach
fails in impacts, where the speed of the force transients
is too fast to use sensing and control to avoid damage,
as well as when contact occurs at locations on the mechanism that are not sensorised.
In contrast, passive mechanical compliance, implemented through springs in robot joints, allows for large
joint deflections and can ensure low contact forces. This
can minimise disturbance to objects during the first
phases of acquisition and in impacts, where active stiffness control often fails. The elimination of the sensing
required for active compliance can also lower weight and
increase durability.

Figure 5: Underactuated Adaptive Gripper Transmission.
It is desirable for a gripper to have many links and
joints to allow for object conformation and form closure.
However, due to limitations in space, manipulator payload and available control channels, there is a need to
simplify the number of actuators and, hence, controlled
degrees of freedom of robot hands.
Mechanical coupling allows many joints with few actuators and can take the form of both fixed-motion joint
coupling and underactuation. A ‘fixed-motion coupled’
hand has more joints than degrees-of-freedom, with each
degree-of-freedom controlled by a dedicated actuator, affording the mechanism no adaptability (e.g. [Butterfass
et al, 2001; Lovchik and Diftler, 1999]). In these hands,
motion of one joint always results in a fixed proportional motion of the joint(s) coupled to it. In the same
way, if contact occurs on one joint thus fixing its position, all coupled joints are thereby fixed. An underactuated hand has fewer actuators than degrees-of-freedom,
and therefore demonstrates adaptive behavior through
its unconstrained modes. In these hands, motion of the
distal links can continue after contact on the coupled
proximal links occurs, allowing the finger to passively
adapt to the object shape (e.g. [Dollar and Howe, 2007;
Townsend, 2000; Ulrich and Kumar, 1988; Hirose and
Umetani, 1978; Laliberte et al, 2002; Lotti et al, 2005]).
By carefully selecting joint coupling schemes, much of
the functionality of a hand can be retained while reducing the number of actuators and the overall complexity
of the grasping mechanism.
As an example of a highly underactuated adaptive
transmission, Fig. 5 shows the pulley scheme that allows
the remaining fingers to continue to enclose the object
1. Larger robots may have provision for multi-link manipulators
that move with respect to the airframe to correct for the vehicle’s
motion during grasping. However, as helicopters are 6-DOF platforms it is not necessary, and impractical for small robots, and so
is considered beyond the scope of this work.

after the other fingers have been immobilised by contact,
ensuring that an equal amount of tension is exerted on
each tendon cable, regardless of finger position or contact state. Note that the tendon cable is fixed only to the
outer link of each finger, and freely moves over all other
finger components without exerting significant torque or
enforcing direct motion. This actuation scheme is similar
to that used in [Hirose and Umetani, 1978].
One key aspect of this transmission design is that it
allows the hand to be very compliant during approach
and initial contact, and stiffer during grasp due to the
compliance in the fingers being placed in parallel with
the actuator. Before the hand is actuated, the tendon
cables remain slack and the hand is in its most compliant state, keeping contact forces low and maximizing
passive adaptability. After actuation, the tendon is tensioned, taking much of the compliance out of the fingers,
resulting in a stiffer grasp with greater stability. This
method also permits the use of actuators that are not
back-drivable and prevents the inertial load of the actuator from increasing the passive stiffness.
In the presence of the levels of uncertainty typical in
the positioning of hovering aerial vehicles, errors in sensing and positioning will be large and the manipulator will
often make off-centered contact with the target object,
jamming the fingers against the face of the object (Fig.
5). The grasper therefore must be able to withstand
large impact and other forces due to this unplanned contact.

4

System Hardware

As the concept of grasping and manipulation from an
aerial vehicle has never before been explored, a proofof-concept prototype was constructed to test the feasibility of the approach. The demonstrator consists of a
compliant underactuated gripper fitted to a commercial
small-scale helicopter. The special characteristics of the
hand design — open-loop adaptive grasping, wide finger
span, insensitivity to positional error — closely match
the challenges associated with the UAV manipulation
task, allowing for a very simple, light-weight mechanism,
without the need for imposing structural constraints on
the load.

4.1

Gripper

The gripper is fabricated using the SDM process, which
consists of multiple castings of material in pockets cut
within previous moldings. This allows for highly integrated complex structures with embedded components, greatly reducing the likelihood of damage due
to contact forces or fastener failure [Clark et al, 2001;
Dollar and Howe, 2010]. The grasper consists of four
fingers with two elastic joints each, actuated by a parallel tendon mechanism that balances loads across each

Figure 6: Flexible Compliant Gripper Module.

digit. Each finger on the hand is a single part weighing
39 g, using no fasteners or adhesives. This is in contrast
to a similar finger design that was fabricated with conventional metal prototyping techniques used in previous
work, which had 60 parts in total, including 40 fasteners,
and weighed 200 g [Dollar and Howe, 2010].
As the SDM Hand was originally designed for use with
a robot arm, rerouting of the tendon transmission was
required to mount it in the available space under the
helicopter, between the skids. The prototype gripper
is actuated by a pair of HSR-5990TG high-performance
hobby servos (Hitec, South Korea) operated in parallel
and controlled by an onboard microprocessor. A pair of
sense resistors measures current to each servo and the
microprocessor modulates the servo position commands
to regulate constant effort applied by the gripper. The
servo controller also limits the stall current of the servos, preventing damage from overheating. The complete
gripper assembly, including servos, batteries and transmission weighs less than 750 g — on the order of a human hand.
An additional modification to the design is the addition of ‘syndactylic bars’ joining the proximal links together, constraining them to move as a pair, while still
allowing the distal links to tension independently. This
adaptation prevents the knuckle joints from twisting due
to a force couple induced by the intermeshing finger configuration. Early experiments showed that this twisting
would regularly eject objects from a fingertip grasp as,
unlike in a power-grasp, the flats of the finger pads had
insufficient contact to stabilise the twist motion. The addition of the syndactylic bars has largely eliminated this
effect, but at the expense of lower overall adaptability
of the gripper. Future work on this project involves indepth design specialisation of the gripper for the aerial
manipulation task.

Figure 7: Payload.

4.2

Figure 8: Flight Trajectory for Capture.

Aircraft and Flight Control

The helicopter platform chosen is a T-Rex 600 ESP
(Align RC, Taiwan), a large high-end fully-electric aircraft with a 1.35 m diameter rotor driven by a 1.6 kW
brushless motor, boasting a maximum carry weight of
1.8 kg. The T-Rex has a cyclic control range of 20◦ ;
when fitted with the gripper, this gives the platform a
maximum allowable payload offset of 53 mm for a 1 kg
load.
Automatic attitude regulation capability is provided
by a Helicommand RIGID commercial off-the-shelf flight
stabiliser system (Captron, Germany). The Helicommand regulates flight attitude using a PID inner-loop
controller, adjusted to suit the T-Rex 600; an outerloop controller uses a downward-pointing optical sensor
to compensate for horizontal drift velocity. The Helicommand does not provide position control.
The Yale Aerial Manipulator (Fig. 1) has thus far
demonstrated grasp and transportation of objects up to
0.9 kg. In bench-tests, the gripper was able to stably
grasp a range of sizes and shapes of objects, with sufficient force to lift masses well above the 1.8 kg payload
of the helicopter.

5

Landed Grasp Performance

As a first step towards validating the aerial manipulation concept, the basic functionality of the system must
be demonstrated. In particular, there are three key capabilities that must be shown: the grasping range of the
gripper must encompass the landing error of the vehicle;
the gripper must successfully grasp numerous different
objects from under the helicopter (Fig. 7); object grasps
must be repeatable and reliable enough to allow takeoff
and transport of the payload.
Three experiments were performed to demonstrate
these capabilities. It should be noted that assessing the
landing-grasping task by itself does not depend upon any
particular flight control modality and full autonomous
trajectory control is not required. For these experiments
an expert pilot, aided by automatic stabiliser, directed

Figure 9: Onboard Camera View.

the helicopter. While this introduces non-repeatable human influences in flight, once landed, the pilot has no
impact on the grasping itself.
For each landing and grasping attempt, the pilot flew
the helicopter from a starting position greater than 1 m
away from the target, attempted to come to a hovering
stand-still above the target, and descend vertically to the
ground (viz. Fig. 8). Less than 30 seconds were spent
on each attempt. The pilot stood 4.25 m up-range from
the target, behind the helicopter.

5.1

Landing Precision

The ability of the human pilot to accurately land on a
target was measured by landing the helicopter on a circular target 49 times and recording the positional error.
In each of these tests the human pilot committed to
each landing on the target without aborting obviously
flawed approaches. In practice, a human pilot attempting to grasp an object exercises judgment and only completes grasp attempts with high chances of success.
Test data were collected using a C-200 2.4 GHz wireless onboard camera (Hamy, Shenzhen, China) transmitting to a receiver that recorded the visual position of
the target underneath the helicopter during each landing (Fig. 9). The video data were used to extract the
2D coordinates of the target center relative to the center of the gripper by locating the edges of the cone with
respect to a grid of known points.
All 49 landing experiments were attempted in a single trial (Fig. 10a). The mean landing error was 64 mm
with a standard deviation of 55 mm. From previous experiments with the SDM Hand, it is known to be able
to reliably grasp objects positioned within 100–150 mm
of the gripper center [Dollar and Howe, 2007]. Thus,
for the human-piloted case, the gripper is expected to
be within successful grasping radius 77 per cent of the
time.

5.2

General Object Grasping

To assess the ability of the gripper to capture a variety of
objects, the system was used to attempt to grip a series
of objects of different sizes, shapes and masses (Fig. 10b):

Figure 10: (a) Target Landing Accuracy Scatter Plot, (b) Assorted Object Grasp Scatter Plot, (c) 700 g Block Grasp
Scatter Plot.
a softball (160 g, 89 mm), a PVC tube (390 g, 280 mm),
a water bottle (600 g, 220 mm), a wood block (700 g,
265 mm) and a cylinder (900 g, 390 mm). Each object
was attempted several times, recorded by an onboard
camera and an offboard camera. In each trial, the lateral positioning error was extracted from the onboard
camera, and the longitudinal error from the off-board
camera, utilising known reference points on the helicopter and the object edges.
The grasps were completed over two sets of trials. A
grasp was considered ‘successful’ if the gripper held the
object and the helicopter could lift, transport and return
the object without dropping it. Two objects, the block
and hollow tube, had no failed grasps. The water bottle, cylinder, and softball had 67 per cent, 70 per cent
and 80 per cent success rates respectively. The gripper
demonstrated object capture even with significant positional error, successfully grasping objects with as much
as 103.5 mm longitudinal offset and 46.7 mm lateral offset.

5.3

Grasp Reliability

The reliability of the gripper was tested by landing on
an object known to demonstrate good grasping performance, the 700 g wood block (Fig. 10c). Twenty attempts were made. The block center of mass was determined using the previously described camera technique.
All of the block grasp attempts were successful, even
with position errors in excess of 100 mm longitudinally
and 40 mm laterally.

6

Discussion

The UAV gripper system has demonstrated repeated and
reliable gripping under human control. For two objects,

all grasps attempts succeeded, and for the least successful object, grasps succeeded 67 per cent of the time.

6.1

Landing Accuracy

The majority of landing error is in the longitudinal direction. This is thought to be due to the pilot’s difficulty
resolving depth cues downrange. In preliminary trials it
was found that landing precision greatly improved when
brightly colored targets were substituted for greyscale
objects. Although moving the pilot closer to the target
would also improve performance, 4.25 m is considered
the closest safe distance.
The lateral landing error is strongly positively biased.
This is thought to be due to the cyclic correction the
pilot must make to counteract lateral flapping during
final approach.

6.2

Grasp Performance

As the gripper is constrained to always grasp objects
from above, all grasp attempts are functionally similar. Consequently, with one exception, the failure mode
observed during gripping consisted of the object being
grasped and lifted, but slipping out of one pair of fingers,
and rotating downwards before sliding out of the grasp
entirely. In the exception, the softball had an displacement error 90 per cent of its diameter, which instead
caused the gripper to eject it during the grasp attempt.
In no trials did the gripper entirely fail to grip and
lift an object which was within its grasp, even if it did
not retain it. Only one object within 40 mm of center
failed grasping. Objects were generally more sensitive
to lateral error than to longitudinal error, primarily due
to the aspect ratio of the tested objects, with most successful attempts being within 0–40 mm of the aircraft

centerline.
Across the objects attempted, the helicopter grasping
system demonstrated 85 per cent success out of more
than 50 grasp attempts, rising to 100 per cent success
for the best performing objects. However, the objects
chosen did not span the entire range of potential target
objects. The current gripper design was not optimized
for the described application, and significant future work
will be devoted to enable grasping a wider range of object
size and shape, particularly for small objects.

6.3

Observed Phenomena

During the experiments the helicopter flight controller
maintained control of the vehicle at all stages. Although
the grasp offset expected from the target landing trials
would suggest that there is a high likelihood of grasping a
heavy object outside the range where the cyclic control
margin would saturate, this did not occur during the
tests. This is partially due to the fact that, once grasped,
the weight of off-center objects caused the gripper to
droop, bringing the mass of the payload closer to the
rotor axis, and inside the limits of the control margin.
For example, the greatest applied torque during the
test was from the 900 g cylinder with an offset of 91 mm
(applying a 0.8 Nm bias load) which was carried without
ill effect. This same object, the largest object, could be
released by the operator mid-flight without producing
large pitch or roll excursions.
As the helicopter spends an unusually long time close
to hover during the final stages of pickup in which skid
contact is made, the system is at particular risk of dynamic rollover. It is expected that an automated landing
path-planning system for approach will not require extended near-hover ground contact and thus reduce the
susceptibility to gusts.

6.4

Future Work

As this experiment involves operation of the helicopter
by a human pilot, it does not include error introduced by
object recognition and trajectory planning subsystems.
Eventually, sensors, avionics and trajectory generation
algorithms will allow the system to automatically detect
and land on objects to be grasped, and adjust flight trim
for biases to allow complete automation of the object
capture task. Likely sensor modalities to be explored are
vision and laser systems, with a multi-axis load cell to
measure the payload object. Care will need to be taken
to avoid degrading performance due to suboptimal flight
trajectory generation and control.
The greatest weakness in the gripper system is the
tendency for grasped objects to slide free of one pair of
fingers, rotate downwards and slip free. This can be ameliorated by reducing pulley friction to better distribute
forces through the transmission or by using multiple ser-

vos to actuate the fingers through an electronically mediated force-balancer.
Current ongoing work seeks to characterise the flight
control effects of changing mass mid-flight. Demonstration of stability under dynamic load conditions will lead
to experiments in which objects are grasped while the
helicopter remains airborne. This may also include a
move to a higher-end flight control system and larger
airframe with better ground-effect handling and gustrejection performance. The results of this analysis and
experimental work will be outlined in a forthcoming publication.
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Conclusion

We have demonstrated a helicopter UAV-gripper system
capable of reliably grasping and retrieving objects under
human control. This system exploits the unique performance capabilities of an underactuated, compliant gripper to directly address the particular challenges of helicopter imprecision. The helicopter system was found
to exhibit a mean landing error of 64 mm with a standard deviation of 55 mm. The system was able to grasp
a variety of objects including blocks, balls, bottles and
cylinders, ranging from 160 g to 900 g. The most difficult object could be grasped 67 per cent of the time,
and the easiest object 100 per cent of the time. Load
bias disturbances of 0.8 Nm applied to the airframe by
the payload were rejected by the flight controller around
hover.
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