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Abstract—PARSEC (Payload Anchoring Robotic System for
the Exploration of Cliffs) is an autonomy-equipped aerial
manipulator that can deploy self-anchoring payloads on rocky
vertical surfaces. It consists of a hexacopter and a two Degrees
of Freedom (2 DoF) mass balancing manipulator, which can
autonomously deploy a self-anchoring payload from its custom
end-effector. The payload anchors itself via an actuated mi-
crospine gripper. Payload sensor data is wirelessly transmitted
to the primary vehicle during and after deployment. A novel
state machine controls the four-stage PARSEC deployment
process. First, the rotorcraft brings the payload into contact
with the surface and applies a constant 6 N normal force
through a feedback control loop to preload the payload mi-
crospine gripper. Second, while the rotorcraft maintains the
constant normal force, the gripper is commanded to close until
engagement with the surface is confirmed through the current
feedback sensing. Then, the aerial manipulator pulls with 5 N
force on the anchored payload to ensure a secure grip before
releasing the package and flying away. We present experimental
validation of a successful deployment of a 430 g payload on a
vertical vesicular basalt surface.

I. INTRODUCTION

This paper presents an aerial system that can au-
tonomously deploy a self-anchoring sensor payload onto
sloped or vertical natural surfaces. Vertical surfaces, steep
slopes, and cave walls on Mars are valuable potential future
science targets, since they are often associated with geo-
logically interesting features: sites undergoing active mod-
ification (e.g., landslides/avalanches, slope streaks), exposed
bedrock and/or ice, and as-yet unmodified young features
(e.g., fresh crater or actively expanding polar pits). Accessing
such geological features via traditional wheeled rovers, such
as Curiosity and Perseverance, is difficult, if not impossible.
On the contrary, aerial vehicles might access and perform
science on these steep regions. Successful demonstration of
the first powered flight on Mars by Ingenuity helicopter
[1] proved that aerial vehicles can be a viable solution for
planetary exploration, and this work has led to future aerial
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Fig. 1: PARSEC autonomously deploys and anchors a payload on a vertical
vesicular basalt wall. Given an anchoring location, a state machine drives
the rotorcraft in position flight mode to the vicinity of the target. After the
arm is fully extended, PARSEC uses an approach mode until an onboard
force sensor detects vertical surface contact. The state machine then switches
to a force-based contact mode while a microspine gripper engages. Upon
successful engagement confirmation from the payload, the state machine
verifies a secure anchor with a pull test. If the pull test is successful, the
payload is detached. After arm retraction, the deployment is complete.

mission concepts that will pursue science objectives on Mars
[2] and Titan [3]. However, the flight duration of such rotor-
craft is usually very short, which limits the scope of science
missions they can perform and makes them less desirable
for long duration missions. PARSEC enables a rotorcraft to
safely deploy and secure a sensor payload on steep scarps and
surfaces, and to perform long duration science studies which
are of interest for astrobiology and atmospheric science [4].
Moreover, there are many terrestrial applications for systems
that can autonomously deposit sensor nodes on remote or
difficult to reach locations. An example Mars mission using
PARSEC is illustrated in Fig. 2.

There is an increasing interest in developing aerial ma-
nipulators that can reliably and autonomously deliver pay-
loads and interact with steep or complex surfaces. Prior
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work includes vehicle perching on vertical surfaces using
microspines [5] and gecko-like directional dry adhesive pads
[6] or on tree branches [7]-[9] for inspection purposes. Aerial
vehicles picking up objects are demonstrated in [10]-[12].
Dual arm aerial manipulators allow collaborative tool inspec-
tion and can carry heavy payloads [13], [14]. Deployment
and retrieval of sensors are demonstrated in [15].

Aerial manipulators combine agile 6 DoF multirotors with
dexterous manipulators. However, commonly underactuated
fliers may struggle with manipulator-based physical interac-
tions that require precision, agility, and control of contact
forces. For sensor anchoring applications, the movement of
the system’s center of mass (CoM) due to the manipulation
of heavy payloads (e.g., more than 10% of system weight)
often requires accurate models, advanced control, and/or
compensating mechanical design. In particular, [11] and [12]
present designs of counterbalancing arms that use shifting
battery weights to minimize CoM movement. Dual arm
designs [13], [14] can also achieve self-balancing. There have
been several attempts of incorporating force-based contact
control with sensor feedback using an underactuated aerial
base under quasi-static conditions [16]-[18].

This paper presents PARSEC, a fully autonomous Payload
Anchoring Robotic System for the Exploration of Cliffs.
The PARSEC platform includes: (1) a custom hexacopter,
(2) a novel 2 DoF CoM balancing manipulator arm, (3) a
specialized deployment interface at the end of the manipu-
lator, which can carry and deploy (4) a novel and intelligent
science payload that self-anchors on vertical surfaces for
long-term scientific sampling and monitoring. The custom
manipulator design counterbalances the payload mass by
shifting the control electronics, minimizing the center of
mass shift during manipulator arm and payload movement.
The pitch angle of the rotorcraft and the payload are de-
coupled via a revolute wrist joint. A 6-axis force/torque
sensor, integrated at the deployment interface detects contact,
helps to regulate pulling and pushing forces, and verifies
the security of the payload anchor. A state machine controls
the proposed system to ensure a smooth transition across
different flight and payload deployment modes, as described
in Fig.1, including grasp quality verification to ensure safe
package deployment. We experimentally validate this pro-
posed system to verify a secure anchoring and deploy a
430 g payload (significantly heavier than previous studies)
on a vertical surface composed of vesicular basalt rock tiles.

This manuscript is organized as follows. We describe the

design considerations for this payload deployment task in
Section II. Section III details PARSEC’s subsystems and
mechanical implementation, and Section IV describes the
mission architecture and control. Experimental results are
found in Section V, and conclusion in Section VI.

II. TASK OBJECTIVE & DESIGN CONSIDERATIONS

The deployment of a self-anchoring science payload offers
several novel design and control challenges. Even minia-
turized planetary science payloads are comparatively heavy.
While visible light cameras are lightweight, miniaturized sci-
entific instruments, such as ultraviolet and near infrared im-
agers, mini Laser-induced Breakdown Spectroscopy (LIBS),
and gas sensors, typically weigh ~500 g. Often, multi-
ple instruments at a single sampling location are needed.
Moreover, the payload must contain wireless communication,
battery, control electronics, and thermal packaging. Thus, our
payloads are heavy compared to previous studies of aerial
payload deposition. Considerations of weight distribution
throughout the deployment process are crucial.

Moreover, secure payload placement requires the rotorcraft
to maneuver precisely near the target, and to stably control
both pushing and pulling forces over the ~30 second period
during which the self-anchoring micro-spine gripper com-
pletes its function. The complex nature of the interaction
forces in turn demands sufficient thrust and torque margins.
Morever, as the payload transitions from the stowed to
deployable configurations, the system must accommodate
the CoM shift, including the abrupt change during payload
release. Note that the contact forces must be controlled while
the heavy payload is at full arm extension. Force/torque
sensors are needed to monitor the contact wrenches and
verify that the payload is securely anchored to the wall.

A low weight, high thrust rotorcraft is required in order
to securely place self-anchoring, heavy science instruments
on steep and rugged surfaces. The following sections outline
specific subsystem design considerations.

Aerial Base & Manipulator Design: Aerial manipulator
designs depend highly on the manipulator mass, payload
mass, and the maximum moment and shifts in the CoM.
Heuristically, we aim to minimize the ratio of arm to payload
mass while: (1) maintaining structure rigidity, (2) maximiz-
ing the thrust to power ratio; and (3) minimizing the CoM
shift when the arm and payload are displaced. Such a design
simplifies the rotorcraft’s control system. A practical goal
is to optimize the distance between the rotorcraft geometric
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center and the propeller tip, since the payload must extend
beyond the propellers for safe deployment on a nearly
vertical surface. Moreover, a recent Mars Science Helicopter
design study [2] found a hexacopter stows tightly in a rocket
for transit to Mars and can achieve science objectives.

Our payload anchoring sequence requires the rotorcraft to

maintain stable flight in extreme configurations: (1) with and
without the payload, at all arm configurations, (2) when the
arm end-effector contacts at the anchoring zone and applies
both push and pull forces. We concluded that only one DoF
is needed to compensate the hexacopter’s pitch angle for
both gripper preloading and payload angle adjustment to
various target slopes. Based on the rotorcraft dimension,
the manipulator must extend at least 0.5 meters from the
rotorcraft’s geometric center, resulting in reductions the pitch
control margins if not appropriately designed. Compliance
is desirable to modulate impacts thought out the anchoring
sequence which is incorporated in the deployment interface
instead of in the manipulator.
Deployment Interface and Payload Design: The deploy-
ment mechanism and payload must be compact enough
to stow during flight. The payload deployment should not
create undesirable aerodynamic effects from traversing the
propellers’ downwash. The payload must anchor reliably on
vertical or steep surfaces like the steep scarps on Mars,
and anchoring must be verified prior to detachment. The
detachment design must account for position and orientation
uncertainty of the aerial base relative to the target surface.

A passive compliance between the payload’s anchoring
system and vehicle frame dampens impact forces when the
payload first contacts the target and allows the anchoring
system to remain in contact as the vehicle pitches, rolls, and
yaws. After deployment, the payload experiences a pitchback
moment due to gravity while anchored on a vertical surface.
This moment can be minimized by increasing the vertical
length of the payload or having the center of mass closer to
the wall. In addition, the deployable payload must have an
independent power supply and communicate wirelessly with
the aerial manipulator during the cooperative deployment.

III. MECHANICAL DESIGN & INTEGRATION

Aerial Base: The hexacopter has six symmetrically placed
13 x 5.5 dual blade propellers, powered by T-motor U3
700KV brush-less motors. These motors produce a steady
thrust of up to 18N at 16V input, as benchmarked with a
Tyto Robotics 1585 Test Stand. The carbon fiber and alu-
minum hexacopter frame has a 695 mm wheelbase. Without
the manipulator and science payload, the hexacopter take-off
weight is 3.57 kg (2.8 kg without battery). The propellers can
generate a maximum of 7.32 N-m theoretical pitch or yaw
moment, yielding at least 30% pitching and yawing margin
at maximum arm extension with maximum payload mass.

2 DoF Manipulator: To minimize mass, we proposed a
rigid 2 DoF manipulator (Fig. 3) consisting of a prismatic
first joint and a revolute wrist joint. To compensate for the
movement of the payload from a stowed to a deployable
configuration, and loss of mass after payload deployment, we

incorporate a mass counterbalancing mechanism. Similar to
[11] and [12], we passively compensate the moving CoM by
displacing the onboard computer, auxiliary battery, and elec-
tronics in the opposite direction as the payload. The prismatic
joint is a novel (over-constrained) 6-bar mechanism powered
by two lightweight linear actuators. By retracting the linear
actuators, the payload and the ~ 0.7 kg counterbalancing
mass is synchronously extends, enforcing a nearly negligible
CoM shift. For a 430 g payload, at full manipulator extension
or retraction, with and without the payload, the system CoM
shift lies within £6cm, enabling us to treat the moment
due to CoM shift as disturbances. For a 500g science
instrument (resulting in a 1kg payload), the main battery
can be grouped with the other counterbalancing electronic
components. Despite a discrete CoM change occurs when
the payload is disengaged, the resulting pitch back moment
assists the vehicle to distant from the wall.

To minimize manipulator weight, the links are made out
of carbon fiber tubes and sheets. Bearings on all passive
revolute joints reduce friction, and minimize actuation forces.
The airframe support the track actuators (Actuonix T16)
further reduces redundant support structures. A telescoping
carbon fiber tubes is incorporated along the extension axis
of the linear stage to add extra rigidity. For lighter payloads,
removing the telescoping rod can increase the manipulator
to 3 DoF. The magnetic encoder of a Dynamixel MX64
servo provides feedback at the revolute wrist joint, which
decouples the aerial base and end-effector pitch orientations.

CoM

Track Linear —
Balancing T

" Actuators

Fully Retracted
Fig. 3: Aerial base and manipulator, in the fully retracted (left) and fully
deployed (right) configurations. The linear stage is driven by the two tracked
linear actuators moving synchronously to deploy and retracted the payload.

The wrist servo motor compensates the pitching angle of the aerial based.

Deployment Interface: The payload deployment interface is
a geometrically interlocking mechanism for smooth payload
deployment and reattachment (Fig. 4A). A convex square
shell is fixed to the manipulator and the complementary
concave shape is fixed to the payload. The convex shell
(7 cm sides and 4.5 cm depth) has a 15° taper. The square
edges prevent rotational misalignments between the payload
and arm. Two cable-driven, rotational clasps on the arm side
interface with mating payload features. The clasping features
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have a 60° engagement angle and are 2.2 cm from the center
of rotation. Once engaged, the interlocking clasps keep the
square parts together. A 6 DoF force/torque sensor (ATI
Nano 25) rigidly mounts in-line at the deployment interface
to detect contact forces and verify anchoring. Closed cell
foam in compression between the deployment interface and
anchor implements compliance. A center locating pin inhibits
translational motion. Hardstops restrict roll to 15° and pitch
to 10°. This design encourages anchor contact with slanted
surfaces, even if the aerial base pitches and yaws. The
interface and payload structure are built from lightweight
3D-printed micro carbon fiber filled nylon.

vy AL

- L . B P .
Fig. 4: Payload and deployment interface. (A) Deployment interface linking
the manipulator and payload. Payload has passively compliant pitch and roll
joints and two pitchback feet. (B) Microspine anchor in open and closed
configuration. (C) Payload after anchoring on a basalt wall.

Payload with Microspine Anchor: We use the microspine
anchor from [5], an opposed grasper that adheres to a
wide variety of rough and textured surfaces (Fig. 4B).
This compact and lightweight anchoring mechanism stays
anchored for more than 24 hrs with a > 1kg payload. Prior
experiments have shown that if the microspine anchor can
sustain a 5N wall-normal pull force, it can support 10N
shear force [5], which exceeds the payload weight. The
payload has a 35cm x 20cm X 15cm bounding volume. In
the deployed configuration (Fig. 4C), the anchor and arm
interface are seen at the top, with electronics and science
payload at the bottom. The spring-loaded pitchback feet are
22 cm below the anchor center and spaced 5.5 cm apart. They
enhance payload stability on uneven surfaces.

IV. MISSION ARCHITECTURE AND CONTROLS
The conceptual Mars science payload anchoring mission
(Fig. 2) includes five phases: instrument preparation, payload
pickup, target scanning, autonomous package deployment,
and science instrument operations. This section focuses on
the autonomy and control methods that enable payload
deployment onto a cliff wall. The deployment phase starts

off with the rotorcraft flying in the proximity of the vertical
cliff and extending the manipulator in preparation for pay-
load anchoring— we assume a suitable deployment location
has already been identified. The task is to approach the
deployment target in the direction normal to the vertical
surface until contact is detected, to maintain contact while
the microspine gripper grasps the wall, to perform a pull test
which assesses the grasp quality, to release the payload, and
to finally detach from the payload, flying away and leaving
the payload anchored to the cliff wall. Fig. 1 captures our
system performing these steps during one experiment.

It is critical that the control system can transition between
flight mode and contact mode without discontinuity in the
commanded thrust. In order to achieve this, our mission
architecture integrates all flight stages to produce continuous
desired attitude and thrust level commands that are tracked
by the PX4 autopilot, an open-source software [19].

The rotorcraft is actively controlled in four flight modes:
(A) waypoint flight mode, (B) approach mode, (C) contact
mode, and (D) detach mode. In the position controlled
waypoint flight mode, the system stably tracks a given way-
point and the commanded manipulator joint angles (with or
without an attached payload). Once an anchoring waypoint is
selected, the arm is fully extended. Then, the system switches
into approach mode. As soon as wall contact is detected
using the 6-axis load cell, the contact mode is triggered.
In this mode, a steady contact force is applied while the
microspine gripper grasps the wall. After a grasp completion,
a pull test is performed by triggering the detach mode with
the payload still connected to the hexacopter. The pull test is
successful if the drone does not detach from the wall. In this
case, the payload is released, and the the rotorcraft flies away
freely. Fig. 6 diagrams the transitions between these modes.
The following subsections provide details on the individual
modes and their experimental validation.

Waypoint Flight Mode: In waypoint flight mode, the hexa-
copter controls its position and heading in the inertial frame
. Position setpoints p% provide smooth interpolation to
the next waypoint. The heading setpoint ¢ is similarly
interpolated to the heading of the next desired waypoint.
Position is controlled via a Proportional Integral Derivative
(PID) controller with saturation on the integral term £ to
+E€nax as well as saturation on the position error to limit
the flight velocity to +v,,42.

vy = Clamp(ﬁ% - Kp(pI - p%)a ~Vmazs Ymaz) (D

tr = —Ky(vr —vg) — € (2
0 if £ > &pnar and vz—v7>0

£=<0 if £€<—&pmap and vz —v5 <0 (3)

K;(vz —vY}), otherwise

where K, K; and K  are constant positive diagonal
gain matrices, while pz and position and velocity vectors
vz are defined in inertial frame Z. The clamp function
clamp(&, min, Tmaz) applies the min, max operations el-
ementwise: min(max (&, Tmin)s Tmaz)-
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From the computed thrust vector ¢z in inertial frame and a
yaw setpoint )¢ the reference attitude quaternion gga_,7 to
be tracked by the low level attitude controller is computed:

qy—1 = |cos %d, 0,0, sin %d “4)
ty = R(qy-z) 'tz,  tge =[0,0,1]" (5)
qpd_,y = shortest_rotation(tza,ty) (6)
4Bi—T = qY—T O qBi_y (7)

where R(-) € SO(3) is a quaternion equivalent, o denotes
quaternion product, and shortest_rotation(xy,x2) is the
shortest rotation between x; and x5 (in quaternion form).

Approach Flight Mode: Approach mode uses the same
position controller as waypoint mode. The desired positions
pd arise from a constant velocity trajectory towards the wall
direction. Approach mode also monitors the load cell to
detect wall contact, which triggers the transition to contact

mode when nomral forces exceeds 3 N.

Contact Mode: In this mode, the contact force exerted onto
the wall is controlled by rotorcraft’s attitude and thrust. We
define a wall reference frame ¥ with z-axis aligned with
gravity and with x-axis normal to the roughly vertical wall.
To optimize the anchoring process, the desired contact force
f{f\, is set to a constant 6 N normal force with no side forces.
An integral controller on the wall force error generates a
desired thrust vector, with K. a positive diagonal matrix:

tw = —K.(fw — fiy) (8)

qrd_yyy = shortest_rotation(tga, tyy) 9)

BT = QW—T © qBa_ Wy (10)

The wall contact force f is measured by the 6-axis load cell
in the end-effector frame. This contact force is transformed
to frame VWV using the wrist angle and body attitude estimate.

On transition from flight to contact, the initial thrust vector
tyy is chosen to avoid a discontinuity in the thrust command.
At the transition back to flight mode, the integrator value £ is
similarly initialized from ¢y to avoid a thrust discontinuity.

Detach Mode: This mode has two roles: (1) When the
payload anchored to the wall is released from the arm, this
mode drives the hexacopter away from the wall. (2) While
the payload is anchored to the wall, but still fixed to the arm,
detach mode validates anchoring quality by a pull test.

Detach mode uses the same contact controller as described
above, but the desired normal force ramps linearly from 6 N
push to a 5 N pull over a 2 s period. If the package is
securely anchored, the state machine switches back to contact
mode to apply a pushing force again. If contact is lost, the
hexacopter transitions to the waypoint flight mode and holds
a position away from the wall. Contact loss is detected in
one of two ways: The rotorcraft moves more than 0.5 m from
the target, or the measured pull force is less than 20% of the
commanded pull force, 2 s after completing the contact force
setpoint ramp.

Manipulator Control: The arm’s extension / retraction,
along with wrist unfolding, is controlled by a mission se-
quence within waypoint flight mode. The wrist keeps the
payload level during the approach, contact & detach modes.

Payload Microspine Gripper Actuation: The payload’s
microspine gripper closes after stable wall contact is made.
Motor current in the gripper closing actuator is used as a
proxy for gripper closing force. A constant voltage is applied
to the motor until a current threshold is reached, which
indicates a solid grasp. The pull test validates grasp quality.

V. EXPERIMENTAL VALIDATION

To validate PARSEC’s design and mission architecture, we
tested it in a flying arena, equipped with Optitrack motion
capture cameras that sampled the aerial-base position and
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Fig. 7: Experiment Result: (a) Pitch and arm wrist angles versus time. (b) wall force setpoint and feedback during the deployment phase.

orientation at 200 Hz. This data served as the autopilot’s
position and attitude estimate. A Hex Cube Black flight
controller runs a PX4 autopilot, which tracks desired attitude
and thrust setpoints generated by the position and contact
controllers running on an onboard computer (see Fig. 5).

Multirotor Subsystem

Component Description Mass (g)
Motors T-Motor U3 700kV 128 (x6)
ESCs Lunmenier 36A BLHeli_32 10 (x6)

Propellers 1355 Carbon Fiber Dual Blade 15 (x6)

Onboard Computer Simply NUC Ruby R8 225
Flight Controller Hex Pixhawk Cube 2.1 75
RC Receiver Specktrum AR620 8
Batteries 6S Lipos, 1000 + 5200 mAh 170 + 760
Perception Intel RealSense D435i 72
Manipulator Subsystem
Component Description Mass (g)

Linear Actuators Actunoix T16-P 300mm 138(x2)

Wrist Servo Robotis Dynamixel MX64T 126
Deployment Servo Robotis Dynamixel AX12 55
Force Torque Sensor ATI-IA Nano 25 61.4
Motor Controller 1 Roboclaw 2x7A 18
Motor Controller 2 Robotis U2D2 9

TABLE I: Key Off-the-shelf Components

We built a vertical wall with four 40cm x 40cm vesicular
basalt rock tiles. They are analogous to Martian substrates.
An anchoring location on the tiles is manually selected. We
employ a tether as a safeguard. A ~ 100 g passive weight
eliminates tether slack and has minimal interference with the
flight behavior due to an overall 5.4 kg system weight. The
system’s key off-the-shelf components are detailed in Table
I while payload components are annotated in Fig. 4.

PARSEC successfully deployed and anchored a 430 g
payload onto a vertical basalt surface (https://youtu.
be/fXwD3Tgk2cw). Fig. 1 shows the system’s behavior
at four key stages. Fig. 7a plots the hexacopter pitch and
wrist angles over the entire flight. During contact mode, a
forward (positive) pitch can be seen in the upper plot as the
vehicle orients its thrust towards the wall. The pull test and
detach phases use a negative pitch angle. The wrist angle
(lower plot) adapts to the vehicle pitch so as to keep a level
payload. During the initial (¢ = 69 s) and final (¢ = 120 s)
flight phases, the payload unfolds from and folds back to
the stowed configuration. Fig. 7b shows the commanded and

measured forces in the wall frame during wall contact. In
the wall normal direction (plotted as the z-axis), we see a
consistent 6 N pushing force during contact and a 5 N pull
(negative) force during the pull test. In the detach mode, the
force is never negative since the hexacopter has disengaged
from the wall, which triggers a transition back to flight
mode. In the vertical direction (z-axis) the 430 g payload
weight is initially (f = 82 s) held by the arm. The payload
weight is then gradually transferred to the wall, as the contact
controller regulates zero vertical force.

VI. CONCLUSION AND FUTURE WORK

We successfully demonstrated autonomous aerial deploy-
ment of a self-anchoring payload with substantial mass. This
work serves as the proof-of-concept for mission concepts like
the one depicted in Fig.2 and shows promise for future Mars
science missions. PARSEC includes a 2 DoF counterbalanc-
ing manipulator to minimize CoG shifts and a deployable
payload whose active microspines can anchor to steep natural
surfaces. A four-state control architecture controlled contact
forces while maintaining stable flight. Firmness of the anchor
was detected via system sensors and verified through a
pull test to ensure that the payload is securely anchored to
the target. Future works will make the system viable for
operation on Mars, which includes reconfigurable packaging
to fit the system into an aeroshell for delivery to Mars and
optimized the system’s lift and weight ratio for the Mars
atmosphere and gravity conditions. The ability to deploy
multiple and heterogeneous payloads is one other topic of
interest. Additionally, ongoing research aims to detect target
surfaces areas with suitable grasp features and extensive
testing of PARSEC under disturbances.
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