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Fig. 1: Stacked images of the pole-perching and stop-sign-perching and an overview of our autonomy pipeline for perching.

Abstract— Aerial manipulation demands end-effectors that
can support multiple functions such as grasping and perching.
Yet, existing designs fall into distinct categories: mechanically
compliant grippers provide adaptive grasping but lack struc-
tural stiffness for perching; stiff perching mechanisms are
geometry-specific and unsuitable for object interaction. We
present a hybrid aerial manipulation system that addresses
this compliance-stiffness conflict by decoupling the anchoring
load path from a compliant grasping interface. This system
enables a novel aerial tool-use capability, where manipulable
objects can serve as anchoring interfaces. By actively choosing
the tools, the robot can expand the range of perchable sites
to include previously non-perchable urban installations such as
utility poles or traffic signs. We embed a coaxial eye-in-hand
camera to guarantees zero-parallax observability for robust
alignment during perching. An £, adaptive controller is applied
for robust flight against aerodynamic and payload introduced
disturbances. Experiments demonstrate reliable grasping of
various everyday objects, versatile perching on diverse landing

poles, and urban installations.
Index Terms— Mechanism Design, Aerial Manipulation,
Perching, Visual Servoing

I. INTRODUCTION

As aerial robots become increasingly involved in tasks
requiring physical interactions such as infrastructure inspec-
tion and object manipulation, the need for versatile end-
effectors has grown. Among these capabilities, grasping and
perching are particularly critical: grasping enables transport
and manipulation, whereas perching offers energy-efficient
anchoring for long endurance.

Most prior aerial manipulation platforms specialize in only
one of these functionalities. Perching-only end-effectors such
as rigid talons [1], [2], vacuum cups [3], [4], microspines [5],
and electroadhesion [6], can offer strong anchoring but ex-
hibit limited adaptability for object interaction. In grasping-



only scenarios, existing solutions utilizing soft or rigid
grippers [7]-[10] prioritize grasping performance but often
lack the structural stiffness to support the weight of the
vehicle. Fundamentally, mechanical compliance (required for
conformable object engagement) and load-bearing stiffness
(required for stable anchoring) are conflicting material and
structural requirements. This conflict restricts the versatility
of aerial manipulation systems in scenarios requiring both
stable anchoring and flexible object interactions, such as
infrastructure inspection and repair on utility poles or ad-hoc
emergency communication relays during blackouts. In addi-
tion, the limited payload and power budgets of aerial plat-
forms critically limit the possibility of introducing variable-
stiffness mechanisms to the end-effector.

While a few aerial systems do integrate both grasping
and perching functionalities, they typically demand task-
specific perching interfaces subject to constrained target
geometries that comply with the end-effector’s shape. Avian-
inspired claws are capable of both grasping and perching,
but they excel only when a branch-like cylindrical support is
present [1], [2]; microspine-and-hook-based designs rely on
rough edges or cables [5], [11]; suction and electroadhesion
approaches require smooth and conductive surfaces [3], [6].
This reliance on existing environmental features restricts the
operational envelope of aerial robots in urban settings. Many
common urban installations (shown in Fig. 2), such as lamp
posts with spherical finials, fence tops, small maintenance
ledges, or thin steel edges of road signs, lack these specific
properties, making them non-perchable for aerial robots with
conventional end-effectors.

In this paper, we present a hybrid aerial manipulation
system for aerial robots that synthesizes grasping and perch-
ing capabilities into a unified mechanical structure. To over-
come the conflict between contact compliance and anchoring
stiffness, we leverage the rotational membrane buckling of
the ROSE gripper [12] for geometry-agnostic grasping, and
introduce a mechanically decoupled rigid exoskeleton to
handle perching loads. While the soft membrane provides
conformal contact forces for secure engagement, the rigid
shell passes the load directly into the airframe without
compromising adaptive grasping.

This synergy permits the aerial robot not only to grasp
diverse objects or perch on poles, but also to execute multi-
stage aerial tool use by placing and utilizing structural inter-
faces to adapt to non-perchable environments. We showcase
this concept of “grasping as anchoring” with a modulable
perching tool that allows the aerial robot to perch on the
edge of a stop sign, which is infeasible for conventional
landing gears. This concept of creating artificial features
enables a broad range of urban installations to become viable
roosts by introducing the graspable tool that can adapt to the
environment.

To overcome the terminal blind-zone and occlusion issues
prevalent in aerial grasping [13], we propose a perception-
action coupled design. While a forward-view camera facili-
ties coarse initial approaching, the terminal perching phase is
governed by a downward coaxial vision system. We enhance
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Fig. 2: Examples of perchable spots in urban environments.

the ROSE’s actuation into a hollow-bore configuration, em-
bedding an RGB camera directly along the axis of rotation.
By co-locating sensing with the contact interface, we achieve
a zero-parallax between the optical and manipulation axes,
and maintains a well-conditioned image Jacobian up to the
exact moment of touchdown. To enhance the aerial robot’s
robustness in flight and during physical interactions, we
incorporate the £1Quad [14] control architecture, ensuring
uniform tracking performance across heterogeneous trans-
portation tasks.

The contributions of this paper are summarized as follows:
From the mechanics perspective, we design a lightweight hy-
brid gripper that addresses the compliance-stiffness conflict
via mechanically decoupled load paths, providing conformal
grasping via a soft membrane and load-bearing ability via
a rigid exoskeleton. From the perception and control per-
spectives, we introduce a zero-parallax coaxial visual ser-
voing framework that maintains optimal target observability
through the terminal descent, integrated with £1Quad control
architecture to reject uncertainties induced from physical
interactions.

II. RELATED WORK
A. Perching mechanisms

Existing research has explored several energy-efficient
perching mechanisms for aerial robots, including avian-
inspired latching claws [1], [2] for tree branches, microspine
arrays [5] for rough surfaces, passive hooks [11] for ca-
bles and power lines, and suction [3], [4] or electroadhe-
sion [6] for smooth or conductive surfaces. While effective
in their niches, these mechanisms are typically geometry-
or material-specific: claws are suited to cylindrical edges;
microspines need irregular textures with surface asperities
to interlock; suction favors airtight patches; and electroadhe-
sion requires certain electrical properties. These mechanisms
often demand precise approach conditions and can hardly
support general object manipulation once perched. As a
result, their application in unstructured urban environments
is constrained. In contrast to these geometry-dependent solu-
tions, our work decouples the end-effector from the target’s
geometry constraint.

B. Grippers for aerial robots

Soft grippers are attractive for aerial manipulation because
their passive compliance conforms to irregular shapes and
is robust to pose uncertainty. Representative designs include



tendon-driven silicone hands [8], pneumatically actuated sys-
tems [9], and Fin-Ray grippers [15]. However, these solutions
prioritize grasping at the expense of losing structural rigidity.
When such soft grippers are equipped on an aerial vehicle,
this drawback forces the system to continue propelling during
perching, significantly reducing mission endurance due to
sustained energy expenditure. In contrast, rigid grippers
offer higher load capacity and precise contacts, yet require
accurate alignment and adapt poorly to shape variability.
Recent hybrid attempts, such as stiffening sheaths [16] or
granular jamming layers [10], partially address this issue
by modulating material properties. However, they either
introduce mechanical and actuation complexity or cannot
sustain the full weight of the aerial robot during perching.

In summary, a fundamental challenge remains as how
to achieve high structural stiffness without sacrificing the
compliance of soft end-effectors for aerial interaction and
manipulation. Our work addresses this challenge by mechan-
ically decoupling the rigid anchoring load path from the com-
pliant contact mechanism. This system provides perching-
grade stiffness and grasping-grade compliance simultane-
ously, bypassing the common trade-offs in variable-stiffness
schemes [17]. Additionally, we enable an aerial robot to not
only perch on existing structures but also manipulate tools
to create artificial perching features, expanding the robot’s
urban operational envelope.

C. Visual servoing for aerial manipulation

Autonomous perching in unprepared urban environments
precludes the use of cooperative fiducials (e.g., AprilTags),
necessitating marker-less visual servoing. Conventional eye-
to-hand setups often suffers from the loss of target at close
range [13]. Moreover, the gripper can occlude the camera,
requiring masking or imposing geometric constraints on the
gripper’s motion [18]. Furthermore, calibration drift and
parallax errors scale exponentially as distance decreases, a
problem exacerbated by the deformation of soft grippers [19].
Although standard eye-in-hand configurations mitigate these
issues by centering the target [13], [20] and fixing the
kinematic transform [21], mounting cameras externally on
soft end-effectors remains challenging due to shifting load
paths and unpredictable membrane buckling.

We push this paradigm further by embedding a camera
directly inside the hollow actuation bore of our hybrid grip-
per. This coaxial colocation enforces a strict zero-parallax
geometric constraint, guaranteeing continuous target observ-
ability and maintaining a well-conditioned image Jacobian
right up to the moment of physical contact.

III. HYBRID GRIPPER DESIGN

To synthesize grasping compliance with anchoring stiff-
ness, we propose a mechanically decoupled hybrid architec-
ture. The compliant contact interface leverages the principles
of the ROSE gripper [12], which consists of two concentric
“inner” and “outer” elastomer sleeves joined near the rim.
A single rotary input twists the inner sleeve relative to the
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Fig. 3: Engineering drawing of coaxial hybrid gripper

TABLE I: Parts list (numbers match the engineering drawing).

#  Part name #  Part name

1 Ring following gear 6  ROSE soft body

2 High-torque servo 7 Arducam IMX219 camera
3 Pinion driving gear 8  Rigid exoskeleton

4 Servo horn / coupler 9  Top retainer

5 Downward camera mount 10 Forward camera mount

outer, inducing torsional buckling that forms inward wrinkles
and draws material radially toward the axis.

This membrane-buckling kinematics produces clamping
at the rim through high area-normal contact and caging
when rotation continues, passively enveloping objects with-
out complex finger planning. While this single-degree-of-
freedom actuation simplifies control, elastomer structures
deform under the static weight and dynamic moments of
the vehicle during manipulation. To resolve this, our de-
sign encapsulates the soft core within a load-bearing rigid
exoskeleton, which will be detailed below. We will also
introduce the zero-parallax perception system that aligns with
the manipulation axis.

A. Exoskeleton Design and Decoupled Load Paths

To address the stiffness-compliance conflict, we use a
rigid exoskeleton that encapsulates the soft membrane, es-
tablishing decoupled load paths. The physical interactions
between the vehicle and the environment can be modeled
using the reaction wrench at the end-effector, Wiesction =
[Freaction, Treaction] € RS. When perched, the end-effector
must counteract the external wrench Wy comprising the
static weight of the quadrotor and dynamic environmental
disturbances 7 4. With a pure soft gripper design, the entire
load is borne by the hyper-elastic membrane (Weaction =
W iembrane)> leading to compliance-induced wobble and po-
tential failure under shear loads.

In our hybrid system, the total reaction wrench is struc-
turally distributed:

Wreaction = Wshell + Wmembrane = _Wext- (1)

Let Kghenn and Kiembrane denote the spatial stiffness matrices
of the rigid exoskeleton and the soft core, respectively.
By material and geometric design, the shell exhibits orders
of magnitude higher stiffness in the axial and bending
directions, e.g., ||Kgen|| > ||Kmembrane||. When the shell
rim contacts the perching fixture, it establishes a parallel



TABLE II: Coaxial hybrid gripper specifications.

Parameter Value Notes
Outer diameter 127 mm shell OD
Clear aperture 30 mm camera bore ID
ROSE diameter 96 mm at rim
Soft cavity (max object &) 84 mm at inner wall
Height (assembly) 127 mm incl. servo
Mass (total) 493 g incl. camera

DS3235 Servo
Arducam IMX219

Servo
Camera

35kg high torque
8 MP, RGB

mechanical circuit. The load distribution follows the stiffness
ratio, effectively yielding:

Wshell ~ _Wexh Wmembrane ~ 0. (2)

During perching, the exoskeleton’s rim and internal ribs
bypass the elastomer entirely, passing the load directly
into the vehicle’s rigid airframe. Concurrently, the internal
soft membrane degrades to solely provide conformal target
engagement. This structure decoupling physically isolates
the hyper-elastic material from the vehicle’s structural loads,
eliminating the load-induced wobble characteristic of pure
soft grippers. Consequently, the system achieves passive me-
chanical interlocking for energy-neutral perching. Figure 3
and Table I show the system layout and list of parts, and
Table II summarizes the major kinematic and mechanical
design parameters.

B. Zero-Parallax Perception and Peripheral Actuation

General soft grippers suffer from self-occlusion and kine-
matic calibration drift when outfitted with external cameras
[17]. To guarantee continuous target observability during
the terminal descent, we redesign the membrane-buckling
mechanism to accommodate a central, unobstructed optical
through-bore. By removing the central torque-transmission
hub typical of prior designs, we relocate the actuation to the
perimeter. A laterally mounted servo drives a spur-gear train,
which engages the structural boundaries of the inner and
outer elastomer walls to induce the required relative rotation.

This off-axis actuation decouples the optical line from
the mechanical transmission while preserving the membrane-
buckling kinematics and grasp strength. An RGB camera
is mounted on vibration-isolated standoffs in side of the
gripper, aligned with the axis of manipulation. This coaxial
configuration provides a zero-parallax feature, ensuring the
perching target remains observable right up to the moment of
contact. We experimentally illustrate the necessity of coaxial
eye-in-hand design via a comparison with an eye-on-body
baseline. Shown in Fig. 4, eye-on-body systems suffer from
occlusion during the final 20 cm of descent. This “blind
zone” leads to a non-ideal open-loop contact. In contrast,
our coaxial design guarantees continuous target observability
and a closed-loop contact. Finally, the entire hybrid module
is aligned with the vehicle’s center of gravity, ensuring that
contact forces and payload generate minimal unmodeled
destabilizing moments.

Eye-in-hand (Coaxial Through-Bore View)

Eye-on-body (Occlusion-Affected External View)

40cm 20cm 101:"1\ Contact

Fig. 4: Visual sequence of terminal approach using the eye-
in-hand configuration (proposed) and eye-on-body (baseline)
configuration. Eye-in-hand maintains the target in the center
of the field of view until contact. The eye-on-body configu-
ration suffers from structural occlusion by the gripper body
when the distance to the target drops below 20 cm, resulting
in a terminal blind zone.

C. Aerial Tool Design: Modulable Anchoring Interfaces

We turn the mission of perching on incompatible structures
to an active aerial tool-use task; these tools can adapt to vari-
ous environmental features that are previously non-perchable.
To diminish the passive reliance on existing environmental
geometry, we introduce modular anchoring interfaces.

The interface acts as a mechanical connector. Its upper
half is geometrically standardized to conform perfectly to
the hybrid gripper’s inner wall, guaranteeing a secure, tilt-
free grasp. The task-specific lower half acts as an adapter.
For example, to perch on a 2 mm stop sign’s top edge
(Fig. 6B), the lower half takes the form of a clip. By
switching only the lower-half’s geometry, the robot can
utilize a library of tools to create viable roosts on previously
non-perchable urban installations. Furthermore, the interface
features a central optical pathway that preserves the coaxial
camera’s line-of-sight, preserving the zero-parallax feature
even when the robot is transporting the tool (Fig. 6C).
Since the ROSE membrane induces uncontrolled torsional
rotation during closure, we make a fiducial notch on the
adapter and use the coaxial camera to track this notch for
visually registering the tool’s yaw deflection. A feed-forward
yaw controller subsequently compensates for this deflection
before the terminal descent (detailed in Section IV-B).

IV. AUTONOMY PIPELINE AND PERCEPTION

To enable autonomous perching in unstructured environ-
ments, we propose a perception-action pipeline (shown in
Fig. 1) that seamlessly transitions from global coarse routing
to local zero-parallax alignment and subsequent manipula-
tion. The system operates across four primary stages:

1) Target Pose Estimation: Using images from the
forward-view camera (F.,), we utilize Foundation-
Pose [22] to estimate the coarse 6D pose of the target
(pole or tool) directly from its textured CAD model.
Standard SE(3) hand-eye kinematics map this object-
centric pose into the world frame (F,).

2) Trajectory Planning: The world-frame target position
seeds a minimum-snap trajectory generator [23], yield-
ing a smooth trajectory to a hover above the target.



Fig. 5: The exploded view of the vehicle and associated
reference frames.

3) Approaching Flight: We use a geometric con-
troller [24] on SE(3) to track the minimum-snap tra-
jectories that send the aerial robot to a location above
a perching target. The controller send angular rate and
body thrust commands to the low-level controller. To
improve flight robustness against disturbances (e.g.,
ground effect, payload with unknown mass, and mis-
alignment during contact), we use £1Quad [14] as an
adaptive augmentation for the rate-loop control.

4) Terminal Visual Servoing & Perching: Upon reaching
the hover waypoint, control transitions to a visual
servoing loop driven by the downward coaxial camera
(F¢p)- The quadrotor descends vertically while main-
taining zero-parallax lateral alignment. Upon contact,
the ROSE gripper closes to secure the grasp. For
the multi-stage stop-sign perching task, the quadrotor
subsequently takes off with the grasped adapter, re-
plans an approach to the stop sign, and repeats the
terminal servoing to anchor the interface.

A. Target Detection for Terminal Servoing

We develop two vision front-ends to extract metric posi-
tional references to aid terminal visual servoing. Both treat
the target as a single point feature in image processing and
produce a metric distance between the target center and the
camera, as well as yaw angles in the stop-sign perching case.

(i) Pole and Adapter Perching: A shape-based contour
detector extracts the target’s pixel center (u,v) and apparent
radius r (in pixels). Given the camera focal length f and
known physical radius R, the depth Z.per and metric lateral
offsets (dx,dy) relative to the principal point (@, ) are
directly computed as:

Z, Z,
Zeonter = fj7 S — C?ler (u . ’L_L), 5y __ Hcenter (U . 1_)).
r

d 3)

(ii) Stop-Sign Perching: Aligning the adapter with a thin
edge requires additional yaw estimation (Fig. 6). First,
template matching isolates the adapter’s inner contour to

o)
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Fig. 6: Illustration of the stop-sign connector and image
processing. (A) Stop sign with a line mark on top; (B)
[lustration of the connector attachment to the sign; (C)
[lustration of camera’s view of the stop sign from above
(adapter and camera-embedded gripper have been enlarged
for ease of view); (D) Shape mask for image processing; (E)
Extracted features for alignment.

determine its current proprioceptive orientation .o, and
establish a circular region of interest (ROI). Second, within
this ROI, color masking and RANSAC [25] extract a line
segment corresponding to a known physical marker of length
L. Let the detected pixel length be I, and its midpoint be
(u,v). The depth is approximated as Zjne ~ fL/lpx. The
lateral offsets (dx,dy) are computed via (3) by substituting
Ziine Tor Zeener and the ROI center for (u,v). Finally, the
line segment’s angle € provides the absolute yaw reference,
enabling the flight controller to actively nullify the yaw error
€9 = 0 — Oeonn prior to contact.

B. Visual servoing control

Given the frame transformations, we can map a position
Pep € R? in the camera frame {cp} to the world frame by

Pw = wa (RbcD Pecp +tbCD) + Pwb- (4)

The positional offset Ap,,, = [0z,dy, Az]T in the camera
frame can be obtained by the front-ends in Section IV-A,
where Az is the vertical distance Zgener O Zjine gated by
a hysteresis band (to avoid chatter in the terminal descent).
The corresponding world-frame offset is

pr = waRbcD ApCD7 (5)

which is used to update the position setpoint of the aerial
robot by

Pw = Pw + aclip (pra Apmaux)a (6)

where p,, and p, are the current position and position
setpoint, respectively; o > 0 is a tunable weight; Apmax
is the positional offset cap.

For the stop sign perching, yaw control is required to
align the adapter with the stop sign. The angle between the
adapter’s orientation ..., and the stop sign’s orientation 6



is the yaw error
€p = Wrap (9 - ecorm)7

where wrap(-) maps the angle difference to the interval
of (=%, §]. With a tolerance 75 and a maximum yaw
rotation A, .y, the yaw increment is

|€9| < Ty

0,
Af = ) (7N
{clip (69, AHmax), otherwise

which determines the yaw setpoint 6 by 8 = 6 + A6 for 6
being the current yaw measurement.

V. EXPERIMENTAL RESULTS

We use a custom-built quadrotor equipped with a Pixhawk
6X mini (running PX4 firmware) as the flight controller
and an NVIDIA Jetson Orin as the companion computer.
A forward-view RealSense D435i provides coarse global
perception, while an Arducam IMX219 is embedded coaxi-
ally for terminal visual servoing. The hybrid end-effector is
fabricated using 3D-printed PETG for the rigid exoskeleton
and cast silicone for the compliant membrane. The Foun-
dationPose module runs at 20 Hz, and the visual servoing
loop runs between 10-30 Hz. We first validate the system’s
tolerance to eccentric loads via the off-center torque test.
Subsequently, we evaluate the system across three oper-
ational scenarios: autonomous perching on heterogeneous
poles, dynamic grasping of diverse payloads, and multi-
stage aerial tool use (perch-while-grasping via anchoring
interfaces).

A. System Validation: Decoupled Mechanics

When an aerial robot finishes perching, it disarms the
actuators and then loses active attitude control. In this case,
any center-of-mass offset, payload asymmetry, or environ-
mental wind gust translates into a bending moment acting
directly on the end-effector. To validate that our hybrid
system can withstand these loads via its decoupled load path,
we benchmark it against two baselines: the original ROSE
Gripper and a conventional three-finger Fin-Ray soft gripper.
To explicitly quantify the system’s rotational stiffness, we
designed a controlled off-center torque experiment. Each
gripper is commanded to perch securely on a vertical pole.
To implement the destabilizing bending moment (74;5¢), We
attach a beam to the gripper’s mounting interface on one end
and suspend weights at the other end. By increasing the mass
at a known lever arm distance, we apply a precise bending
moment to the perched system. We quantify the system’s
bending stiffness by recording the tilting angle 6;;; caused
by the load torque 7.y, applied to the perched airframe.
The Tqpp—0:ix curve (shown in Fig. 7) demonstrates the
mechanical interlocking effect, with the key metric being the
maximum load torque before mechanical failure or slip. Pure
soft gripper (three-finger Fin-Ray soft gripper and ROSE
Gripper) suffer from compliance-induced failure, exhibiting
deformation and slip at small torques (< 0.3 N-m). In
contrast, our Hybrid Gripper leverages its rigid exoskeleton
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Fig. 7: Experimental validation of load-introduced distur-
bance rejection. (a) Pure soft grippers (Fin-Ray and ROSE)
fail at negligible applied torques (< 0.3 N-m) due to
inherent membrane compliance. (b) The proposed Hybrid
Gripper achieves mechanical interlocking via its exoskeleton,
sustaining an order-of-magnitude higher torque (> 4.0 N-m)
with minimal tilting deflection.

as the decoupled load path, maintaining a minimal 6;;;; and
sustaining maximum load torque over 4.0 N-m. With the
mechanical robustness of the Hybrid Gripper established,
the following sections evaluate the integrated system’s per-
formance across three paradigms: autonomous perching on
heterogeneous poles, dynamic payload grasping, and multi-
stage aerial tool use (perch-while-grasping).

B. Autonomous Pole Perching

We evaluate the system’s perching adaptability across four
types of target geometries: (i) cuboid, side length 48 mm;
(ii) cylinder, diameter 55 mm; (iii) sphere, diameter 70 mm;
and (iv) truncated cone, top diameter 50 mm (shown in
Fig. 8). In addition, we conduct a size sweep on cylindrical
heads with diameters of 35, 45, 55, 65, and 75 mm to study
the influence of target scale on perching performance. A
complete flight sequence is illustrated in Fig. 1. A trial is con-
sidered successful if the vehicle remains securely attached
without catastrophic slip and can subsequently re-arm its
rotors to lift off. Table III summarizes the nine perching
experiments, reporting the post-perching lateral offset (eyy)
between the pole and gripper center, as well as the elapsed
alignment time (fceneer) from approaching completion to the
beginning of descent.

Fig. 8: Landing-pole head geometries used in perching
experiments.

With visual servoing enabled, the platform perches re-
liably on heterogeneous pole heads. Perching performance



TABLE III: Perching performance across various pole ge-
ometries and sizes

Success  Total Cxy tcenter Bite
Geometry rate (%) trials (mm) (s) (deg)
Sphere 100.0 11 27.9+36.3 17.49+1.79 185
Cuboid 90.9 11 18.4+22.0 17.53+2.20 3.7
Trunc. Cone 100.0 11 176 +£25.9 16.414+1.48 5.1
Cylinder-35 100.0 11 96.1 £30.8 19.65+1.74 47.6
Cylinder-45 100.0 11 77.9+30.1 1594+1.94 326

Cylinder-55 90.9 11 2424296 17.03£1.38 15.1
Cylinder-65 72.7 11 36.6 +44.0 17.81+£2.16 0.0
Cylinder-75 54.5 11 70.2£57.2 17.18+1.77 0.0
No VS 10.0 20 124.8£8.7 N.A N.A

depends not only on target shape but also on the diameter
D of the pole’s head relative to the ROSE inner diameter
(Dip=84 mm). We report a tilting angle [y, defined as the
angle between the quadrotor’s body z-axis and the world
z-axis after touchdown,

Bt = arccos (z;rzw). (8)

Tilting occurs when D < Dy,: The shell clamps a narrow
region of the pole head, and the vertical reaction line is
offset from the vehicle center of gravity, creating rolling and
pitching moments. The vehicle then settles to an equilibrium
with a nonzero [y, when the rim of the rigid shell bears
against the head edge (the moments balance). Conversely,
when D approaches Dj,, alignment tolerance becomes tight:
Small lateral errors lead to early contact between the shell
and pole head, which reduces success rate albeit yielding
near-zero tilting angle when perched successfully. Interme-
diate diameters (around 55 mm) typically balance trade-off
between success rate and moderate tilting angle. Further-
more, target geometry illustrates the complementary nature
of our hardware-perception co-design. For instance, beveled
geometries like truncated cones introduce visual ambiguity
(e.g., overlapping depth edges confusing the contour detec-
tor). Their chamfered profile provides a passive mechanical
lead-in. During the final millimeters of descent, this structural
funneling dominates, physically self-centering the gripper to
compensate for terminal visual estimation noise (Table III).

Despite the geometry-specific interactions, the distribution
of teenter Temains consistent across all successful trials, sug-
gesting that most of the terminal time is spent in step-limited
lateral corrections and the descent hysteresis. Ablating ter-
minal visual servoing yields only a 10% success rate with a
much larger lateral error e,,, demonstrating the necessity of
the vision-based servoing loop for centimeter-level alignment
and robust perching. Lastly, we note that ..y concentrates
in 16-18 s, reflecting conservative descent gates chosen
for robustness. There is clear headroom to reduce the time
via finer calibration, tuning of the visual servoing gains,
or learning-based visual servoing. Mechanical compliance
can likewise be improved to enlarge the capture basin on
targets. Even with the current conservative settings, the
results demonstrate universal landing across diverse pole
heads with a simple and reliable autonomy pipeline.

Fig. 9: Transport-and-release with diverse objects along an
identical trajectory. (A) Wrench; (B) Partially filled water
bottle; (C) Five-inch quadrotor; (D) Umbrella; (E) Steel
marbles; (F) AA battery. The quadrotor takes off with the
object grasped, follows the same trajectory, and drops each
object into a box at a fixed location.

C. Grasping diverse objects

To validate the gripper’s compliance to a variety of
shapes and masses of objects, we let the quadrotor grasp
and transport everyday objects, including an AA battery
(slender, rigid), a partially filled water bottle (sloshing liquid,
moving CoM), an umbrella (elongated), a screwdriver (metal,
asymmetric), and a batch of steel marbles (multi-contact). In
each trial, the drone grasps one object on the ground, takes
off, and follows an identical minimum-snap trajectory to a
fixed drop location. Despite a the uncertainties induced by
the payloads with large variation in size, mass, and inertia,
L1Quad facilitates the platform to maintain close tracking of
the transit trajectory and consistent object placement. Quali-
tatively, these results indicate that the coaxial packaging and
load-bearing rim preserve the geometry-agnostic grasping
capability of the ROSE gripper [12].

D. Perch-while-grasping via adapter

We extend the pipeline to a perch-while-grasping scenario
using a graspable adapter that clips onto the top edge of a
stop sign. We use the FoundationPose module [22] to get
a pre-flight estimate of the adapter pose and the stop-sign
pose. Using these estimates as target poses, we generate two
minimum-snap trajectories 77 and 75: Trajectory 71} starts
from a starting location and flies to hover above the adapter;
Trajectory T starts from the grasped adapter and flies to
hover above the stop sign. The vehicle starts by tracking
Ty and consequently performs visual servoing to grasp the
adapter. It then follows trajectory 7> and executes visual
servoing again to align the grasped adapter with the stop
sign before descending to perch. The entire flight for stop-
sign perching is shown in Fig. 1. Because the ROSE gripper
grasps by torsional squeezing, the grasped adapter may rotate
slightly relative to the quadrotor frame. Hence, the quadrotor
shall control its yaw angle to align the adapter with the stop-
sign’s in-plane orientation. The quadrotor smoothly complete
this two-stage task: Grasping the adapter and then perching
with the grasped adapter without oscillations when stages
switch. Yaw alignment between the adapter and stop sign
is handled by the yaw control before lateral alignment. The



£1Quad maintains close trajectory tracking on 77 and 7%
despite the extra weight from the adapter. Overall, the hybrid
gripper enables reliable perching on thin edges using the
same perception and control pipeline as pole perching. This
procedure allows for perching on thin sign edges—fixtures
that are typically infeasible for generic landing gear—thereby
expanding the set of admissible perching locations in urban
environments.

VI. CONCLUSION

We present a lightweight, dual-functional end-effector that
unifies grasping and perching for aerial robots and enables
a new perch-while-grasping capability. The design builds
on a ROSE gripper core for compliant, geometry-agnostic
grasping and adds a rigid shell that carries perching loads
through a separated structural path. A coaxial, eye-in-hand
camera is integrated through a central bore, aligning the
sensing and manipulation axes to reduce occlusion, paral-
lax, and calibration drift during terminal approach. These
hardware choices are applied to a quadrotor carrier with
an autonomy stack: forward-view 6D pose estimation for
approach planning, minimum-snap trajectory tracking by a
geometric controller with £; adaptive augmentation, and
visual servoing for centimeter-level alignment near contact.
Experiments validate our hybrid girpper’s versatility and
robustness. The platform perches across diverse pole ge-
ometries and sizes with high success rates. It can grasp and
transport everyday objects of varied mass and shape without
retuning the controller. We also showcase the perch-while-
grasping capability on top of a stop sign using a clip-type
adapter.

Our current design has several limitations: The perching
is constrained to upright poles and traffic signs only; coarse
forward-view pose estimation quality can increase alignment
time; and occasional failures may happen when perching
to poles with relatively large diameters. Future work will
address these issues with an extension to pose-aware perch-
ing for inclined and irregular fixtures using fine 6D pose
estimates and adding two rotational degrees of freedom to
the camera-integrated gripper while preserving the separated
load path.
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