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Abstract— Inspection for structural properties (surface stiff-
ness and coefficient of restitution) is crucial for understanding
and performing aerial manipulations in unknown environments,
with little to no prior knowledge on their state. Inspection-on-
the-fly is the uncanny ability of humans to infer states during
manipulation, reducing the necessity to perform inspection and
manipulation separately. This paper presents an infrastruc-
ture for inspection-on-the-fly method for aerial manipulators
using hybrid physical interaction control. With the proposed
method, structural properties (surface stiffness and coefficient
of restitution) can be estimated during physical interactions.
A three-stage hybrid physical interaction control paradigm is
presented to robustly approach, acquire and impart a desired
force signature onto a surface. This is achieved by combining a
hybrid force/motion controller with a model-based feed-forward
impact control as intermediate phase. The proposed controller
ensures a steady transition from unconstrained motion control
to constrained force control, while reducing the lag associated
with the force control phase. And an underlying Operational
Space dynamic configuration manager permits complex, re-
dundant vehicle/arm combinations. Experiments were carried
out in a mock-up of a Dept. of Energy exhaust shaft, to
show the effectiveness of the inspection-on-the-fly method to
determine the structural properties of the target surface and
the performance of the hybrid physical interaction controller
in reducing the lag associated with force control phase.

I. INTRODUCTION

Recent advancements in multirotor Unmanned Aerial Ve-
hicle (UAV) research, combining aerial mobility with ma-
nipulation has provided a platform for aerial manipulation
tasks. UAVs are used for an array of physical interactive
tasks including manipulation and grasping [1] [2], contact-
based inspection [3] [4], and remote sensor placement [5] [6].
Direct physical interaction with the environment provides the
ability to perform an operation involving manipulation or
inspection. Humans, through multiple modes of sensing are
masters at understanding and adapting to the environment
while interacting with it. For example, tactile sensing is
used for various exploratory procedures to understand the
surface/object properties before performing any manipulative
procedures. In short, humans are experts at adapting to
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variations in the environment because they are constantly
inspecting while interacting. We call this inspection-on-the-
fly and feel it is a precursor to more intelligent and self-
adaptive behaviors [13] for all types of manipulative robots
engaging in physical interactions.

Fig. 1. Structure of the fully-actuated UAV and the coordinate frames for
modeling

The challenges associated with unknown environment
requires the robot to perform inspection-on-the-fly, to un-
derstand the physical state of the environment, while si-
multaneously performing interaction tasks. The unknown
environments including remote and hostile locations, aban-
doned structures and nuclear facilities, which requires to
employ robots as opposed to human workers. There is
little to no prior knowledge about the physical state of the
target surface and its accessibility. This raises the need to
estimate and comprehend the states of such facilities before
performing any meaningful operations. Some significant op-
erations which require physical interaction are contact-based
sampling of contaminated surfaces [7] [8], applying chemical
agents, surface drilling and, remote sensor placement [5] [6].

The current state-of-the art for physical inspections using
aerial manipulators include various UAV platforms attached
with robotic manipulator. While establishing a steady contact
with the environment, the UAVs are prone to disturbances
caused during interactions, eddy current wind disturbances,
and any external disturbances. Quadrotors, despite of the
limitations with under-actuation, have been employed for
physical interaction tasks through motion control using
flatness-based control [9], adaptive sliding mode control and
custom-arm mechanisms. However, a fully-actuated UAV
with independent control over all 6D motions [10] [11],
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eliminates the problems associated with under-actuation and
enables superior physical interaction capabilities.

Several physical interaction control strategies to enable
steady interaction with the target surface while rejecting
disturbances, are proposed in the literature using indirect
force estimation and direct force feedback. A common
strategy with indirect force estimation is admittance filter
to control the interaction forces at the end-point of the rigid
arm attached to a fully-actuated UAV [12]. [15] has proposed
a impedance controller derived by the energy-balancing
passivity-based control technique for contact stability. How-
ever, the indirect force estimation using robot dynamics is
subjected to uncertainties which doesn’t correspond to just
the interactions forces. Moreover, any external disturbance
forces can’t be distinguished from the interactions forces.
However, with a direct force feedback, the interaction forces
can be distinguished from external disturbance forces.

Early works in direct force feedback is proposed in [16],
which uses the force sensor feedback in an impedance
control loop for end-point compliance rather for interaction
control. In [17], a whole-body force control strategy for aerial
manipulators is proposed for physical interaction control
using hybrid position/force control. However, switching from
unconstrained motion control to constrained force control has
significant problems with impact forces [18], which is not
addressed in the aforementioned literature. The aerial ma-
nipulators are relatively less rigid and have lower coefficient
of restitution, pushing them into inelastic collision leading to
improper dissipation of energy during the impact. This results
in a loss of contact or limit cycle behaviour, even under lower
approach velocities. Therefore, we propose a hybrid physical
interaction control for aerial manipulators based on energy
dissipation, similar to the impact control techniques for fixed-
based manipulators [20]. A modified impact model based on
the change in momentum with respect to time is used in the
feed-forward impact controller.

The main contributions in this paper are a three-stage
hybrid physical interaction controller and the infrastructure
for the inspection-on-the-fly method being integrated into our
ReFrESH self-adaptation architecture [14]. Design and mod-
elling of the aerial manipulator, along with the equations of
motion, are presented in sec II. The hybrid physical interac-
tion control, presented in sec. III, is aimed to provide steady
transition from unconstrained motion to constrained force
control using a model-based feed-forward impact controller.
This controller ensures that the limit cycle behaviour and
lag associated with switching directly from motion to force
control are avoided. The ability to simultaneously perform
explorations during physical inspections is accomplished
using the inspection-on-the-fly method. Sec. IV presents
the models to estimate the coefficient of restitution (CoR)
and surface stiffness which are significant for the aerial
manipulator to understand and adapt to any variations present
in the environment. Once the structural parameters/features
are extracted they can be leveraged to enhance controller
performance. Results of the experiments performed in a
mock-up of a Dept. of Engergy exhaust shaft are presented in

sec. V, to show the effectiveness of the hybrid physical inter-
action controller in establishing a contact and determining the
structural properties through inspection-on-the-fly method.
The conclusion and future works are presented in sec. VI.

II. MODELLING

In this section, the structure and the model of a fully-
actuated UAV equipped with a rigid arm are detailed. As
shown in Fig. 1, the UAV is modeled as a free-flyer base
as in [23], which is actuated in the world frame, Fw(Ow :
Xw,Yw,Zw). The state of the aerial manipulator is defined
with respect to the world frame, Fw is arbitrarily placed such
that the zw is opposite to gravity. The robot frame for the
UAV, FR(OR : XR,YR,ZR) is placed with respect to the CoM
of the UAV with the arm and the operational point fixed at the
end-point, Fop(Oop : Xop,Yop,Zop). The rigid arm is fixed to
the UAV frame and is placed such that the yop is aligned with
yR of the UAV at a distance, dop ∈ N. add variables to fig2
A spring loaded end-effector mechanism provides damping
during interactions and helps to avoid structural damage. A
1D force sensor is placed at the end-effector to determine the
force applied in yop direction. The UAV in the inertial frame
is represented by qR = (xR yR zR θR φR ψR)

T ∈R3×SO(3).
The velocity w.r.t qR is given as, υR = JRυw, where JR =
[Jυ Jω ]

T ∈R6 is Jacobian mapping of velocities in FR to Fw,
where Jυ &Jω represent the Jacobian of the linear and angular
velocities respectively. υR ∈ R3 and υw ∈ R3 are velocities
in inertial and robot space respectively.

A. Fully-actuated UAV Design

As shown in Fig. 2, the structure of the fully-actuated
hexrotor UAV, which is derived from a conventional hexrotor
platform with tilted rotors, provides a set of thrust vectors
that span the 6D Cartesian force space. The non-parallel
actuator configuration is achieved by rotating adjacent rotors
in opposite directions along the radial axis, referred to as
cant angle, α . The critical UAV design parameters include
the radius, d, and angle between each rotor, φi = 600. c f
& cq represent the rotor thrust constant and rotor torque
constant. A non-zero cant angle represents the non-parallel
configuration and results in mapping the propeller angular
speed, ωi ∈Ri (i = 6) to the force/torques at CoM, FR ∈R6.

Fig. 2. Fully-actuated UAV design with non-parallel actuation mechanism.
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FR =

[
fR
τR

]
= Mα ·ω2 (1)

where, ω= [ω1 ω2 ... ω6]
T and Mα ∈R6×6 with full rank.

Mα =


c f sin(φi)sin(α)
c f cos(φi)sin(α)

c f cos(α)
sin(φi)[cqsin(α)−dc f cos(α)]
cos(φi)[cqsin(α)−dc f cos(α)]
(−1)i+1[cqcos(α)+dc f sin(α)]

 (2)

The choice of α angle is significant in determining the
performance of the UAV in terms of arbitrary force exertion
and lift forces. A common choice of optimization is to
achieve uniformity in 6D force/torque exertion at hover. The
optimization for cant angle proposed in [21] balances the
maximum lateral forces and lift forces. Within the scope of
this paper, a lateral force of approximately 2N is sufficient to
maintain steady contact with a target surface. Therefore, the
cant angle is optimized with the objective functions, max-
imum lateral force of approximately 6N (to avoid actuator
saturation) and maximum lift forces. This resulted in α = 25◦

as the optimized cant angle, which is used to conduct the
experiments.

B. Task Specifications

For the scope of this paper, we assume the physical
interactions are with a rigid and planar or non-planar sur-
faces. However, the proposed controller has the potential
to extend to soft surfaces. At each of the control states in
sec. III, a decoupled motion & force control with respect
to the direction of interaction is employed. Generalized
state specification matrices, Ω & Ω̃, in (3) are used to
determine the unified operational command vector in FOP,
for a decoupled control [22]. The task specification matrices,
Σ f & Στ decouples the forces and torques with respect to task
requirements. Here, Σ = diag(σx,σy,σz) and the remainder
directions are specified using Σ = I−Σ. (σ is binary)

Ω =

[
ST

f Σ f S f 0
0 ST

τ Στ Sτ

]
; Ω̃ =

[
ST

f Σ f S f 0
0 ST

τ Στ Sτ

]
(3)

In fig. (1), yOP is aligned with yr as the manipulator is
fixed and the rotation transformation between them, S f &
Sτ become identity matrices. Task specifications are Σ f =
diag(1,0,1) & Σ f = diag(0,1,0).

C. Equations of Motion

The force/torques in FOP are computed w.r.t the jacobian
transpose mapping in FW .

Fop = JT
op(qop) ·FW (4)

However, the forces in FOP needs to be transformed to FR.

FR =

[
I ρ̂

0 I

]
·Fop (5)

where ρ̂ is the cross-product operator associated with the
vector connecting the COM and the operational point.

Fop = JT
op(qop)Λ(qop)F

∗
W + b̃r(qR, q̇R)+g (6)

where, Λ(qop) = [Jop(qop)A
−1(qR)JT

op(qop)]
−1 & A =

diag(M M M Ix Iy Iz) and M is the mass of the UAV
and Ix, Iy, Iz are the inertia. The desired motion command,
FW , is given as

FW = Fm
W +F f

W +F ccg
W (7)

where, Fm
W , F f

W & F ccg
W refer to the force commands for

motion control, force control and Coriolis term & centrifugal
term, respectively.

III. HYBRID PHYSICAL INTERACTION
Physical interaction requires the fully-actuated UAV to

establish a steady contact with the target surface. Initial
impact forces during the transition from unconstrained mo-
tion controlled approach to a constrained force controlled
contact are controlled through a three stage hybrid control.
The three states are defined as approach, impact, contact and
the transition between them is determined with a threshold
detection in the force sensor measurement. In approach
state, a motion controller is used to move towards the
target location until a large force threshold is detected. This
indicates the initial contact and enables the impact state. The
impact energy is estimated from the approach velocity and
dissipated during the impact state through a feed-forward
impulse model. This impact state usually lasts on the order
of tens of milliseconds before switching to contact state. A
direct force feedback controller manages steady contact in
the contact state. To exit the constrained force contact state
at the end of task interaction, the approach state is reinstated
with a negative velocity impulse.

A. State: Approach
A velocity controller is employed in the direction normal

to the target surface with position control for all other direc-
tions. The magnitude of the impact is directly proportional
to the approach velocity, but the impact controller prevents
bounce. Impact control requires estimates of the approach
velocity, mass of the UAV, and CoR of the surface.

Fig. 3. Velocity control on surface normal, and position control in the
remainder directions.

If the yop in Fig. 1 is aligned normal to the target
surface, then the velocity control is initiated in this direction.
The reminder directions xop & zop are position controlled.
Then the task specification matrices take the form as, Σ f =
diag(1,0,1) & Σ f = diag(0,1,0). Fig. 3 shows the control
loop employed in the approach state, where PID controller
for position and PD controller for velocity.
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B. State: Impact

Impact forces are modelled as impulse force as they occur
for a short period of time. Impulse force is defined as the
change in momentum, ρ

Fimpulse = ∆ρ/∆t (8)

The impact momentum is modelled as,

F i
w(t) =

∫
F i

w dt = kv f ·Λ(qR) · (v f − vi) (9)

Where, Kv f gain determines the rate of energy dissipation
during an impact, with respect to the change in velocity and
is directly proportional to the CoR. Fig. 4 shows the modified
control loop for impact state.

Fig. 4. Model-based impact control on surface normal and position control
in the remainder directions.

C. State: Contact

After the impact forces are compensated by squelching
the excess energy in the system, the direct force feedback
control is activated in contact state. Fig. 5 shows the control
loop to exert forces normal to the surface.

Fig. 5. Force control on surface normal and position control in the
remainder directions.

However, additional trajectories for motion control can be
applied to the reminder directions to accomplish required
tasks. The constrained force control ensures no loss of
contact throughout the task.

IV. INSPECTION-ON-THE-FLY

In this section, inspection-on-the-fly estimates structural
properties of the target surface while performing the physical
interaction task. The learning of structural properties is
expected to be performed without the need for additional
sensors or customized control algorithms. Structural stiffness
and CoR are the two parameters that are significant for steady
physical interactions. The energy lost during the impact state
is quantified using CoR, e, and is defined in (10) as the ratio
of energy released during restitution to the energy stored
during collision.

e =
q̇w f

q̇wi

(10)

The surface stiffness significantly effects the force feed-
back interaction performance and is estimated by quantifying
the impact model. Let’s consider the stiffness of both the
mating objects and model them with spring constants Ku, for
UAV and Ke for the target surface, usually fixed as shown
in fig. 6.

Fig. 6. Model including stiffness of the mating structures

The stiffness of the target surface, Ke is estimated using
the model in (11).

Ke = (Ku ·Kt)/(Ku−Kt) (11)

Where, Kt is determined based on the total kinetic energy
transition to potential energy during the initial impact phase,

Kt = (0.5) ·mUAV · q̇2
w f

(12)

where, q̇w f is the velocity normal to the surface in world
frame.

V. EXPERIMENTS
The experiments are conducted in a 9-foot diameter mock-

up of the Waste Isolation Pilot Plant (WIPP) exhaust shaft
(refer to video) using a fully-actuated hexrotor UAV attached
with a rigid arm for swabbing the inside walls. The UAV is
primarily controlled by an APM2.8 flight controller, which
takes care of the low-level controls such as motor control and
attitude stabilization. The choice of on-board sensors is based
on the suitability for real-world applications. The sensor suite
includes laser range finder fused with barometric pressure
sensor data to estimate the altitude indoors, an optical flow
sensor fused with IMU data estimates the velocity with
respect to the ground plane. A 2D Lidar rangefinder will
be able of provide the SLAM capabilities for motion in free
space at a fixed altitude. The sensor processing is performed
in Jetson TX2. A 1D force sensor at the tool tip will enable
the force controlled physical interaction. The hybrid physical
interaction control is implemented in a custom RTOS (real
time operating system) along with the sensor fusion.

Fig. 7. Fully-actuated UAV with the list of on-board sensors.
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A. Hybrid Physical Interaction

The performance of the proposed hybrid physical interac-
tion control is evaluated based on the steady transition from
unconstrained motion control to constrained force control
without losing contact with the surface. Initially, the UAV
is manually launched to a desired altitude and switched to
autonomous mode. A trajectory controller positions the UAV
at a nearby location close to the target surface. The hybrid
physical interaction controller is enabled as soon as the UAV
reaches the nearby location. The approach state launches the
velocity controller at 20cm/s as the set point as shown in the
velocity plot of fig. 8. As the force sensors measures a non-
zero value, the impact state is enabled, to squelch the excess
energy from the system. This impact phase is represented
between the red and black dotted lines in fig. 8.

Fig. 8. Three stage Hybrid physical interaction controller partitioned by
the red and black dashed lines. Top: Measure position in yR with respect to
the surface. Middle: Measured velocity with respect to UAV frame. Bottom:
Measure force at the operational point.

The impact controller ensures no loss of contact before
switching to the force controller. The reduced errors in force,
with an average error of ±12mN, are compensated in the
force control phase. The contact is maintained for 6s before
retrieving back to the initial location. The xR direction is
position controlled throughout the experiment for which the
measured position and velocity values are shown in fig.9.
Altitude during the operation is maintained at 34cm off the
ground with an average error of ±2cm as shown in fig. 9.

B. Structural properties

Inspection-on-the-fly method is used to estimate the struc-
tural properties of two different types of structures, wood
(surface S1) and cardboard (surface S2). The goal of this
experiment is to perform identify surface stiffness and CoR
using the proposed hybrid physical interaction controller with

Fig. 9. Top: Measure position in xR in the world frame. Bottom: Measured
altitude with respect to ground.

low gains in the impact model. These low gains will reduce
the significance of impact model and the UAV will bounce
back to unconstrained motion. This phenomenon is showed
in fig. 10, where the top plots are on surface S1 and the
bottom plots are on surface S2. The measured approach
velocity and final velocity along with the duration of contact
are used to determine the surface stiffness and CoR, using
(11) & (10) respectively.

Fig. 10. Exploratory procedures to estimate the structural properties of the
target surfaces, Top: surface S1 and Bottom: surface S2.

TABLE I
ESTIMATED STRUCTURAL PROPERTIES OF SURFACES S1 & S2

Coefficient of Restitution Surface Stiffness
Iterations Surface S2 Surface S1 Surface S2 Surface S1

1 0.298 0.715 0.08 1.5
2 0.326 0.823 0.11 2.3
3 0.347 0.614 0.14 2.1
4 0.381 0.689 0.17 1.9

This experiment is repeated 4 times, with different ap-
proach velocities and the estimated stiffness and CoR are
presnted in table. I. The surface S2 has lower stiffness
and CoR compared to S2, which shows that the surface
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S2 is softer compared to surface S1. This can also be
observed in the velocity plots of fig. 10, where the negative
velocity representing the bounce back, is higher on surface
S1 compare to S2. These structural properties classifies that
the surface S1 is harder surface compared to S2.

VI. CONCLUSIONS
In this paper we have presented an inspection-on-the-fly

method aimed at interacting with unknown surfaces using
impact model based hybrid physical interaction control.
Inspection-on-the-fly allows the aerial manipulator to infer
states present in the environment while carrying out an active
manipulation task. The results derived based on the coeffi-
cient of restitution and contact stiffness, the wood surface,
S1 is classified to be harder than the cardboard surface, S2,
resulting in a meaningful estimation of structural properties.
During this procedure, the UAV used the hybrid physical
interaction control to perform impact model based interaction
with the target surface. The experiments conducted in mock-
up exhaust shaft show the significance of controlling the
impact phase in a physical interaction.

Inspection-on-the-fly is a precursor in our approach as we
deal with understanding a single state parameter for surfaces
with multiple features/parameters. Current work in this paper
shows how single state parameter estimation is sufficient
to differentiate between materials at a fundamental level.
The inspection-on-the-fly paradigm can be extended with
added sensing/perception to estimate multiple parameters for
a surface allowing a deeper understanding of the structures
in the environment. A scope for future works would entail
using tactile perception along with fusion of audio perception
to detect textural properties for any surface.
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