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Abstract— Recently, the utilization of aerial manipulators
for performing pushing tasks in non-destructive testing (NDT)
applications has seen significant growth. Such operations entail
physical interactions between the aerial robotic system and
the environment. End-effectors with multiple contact points
are often used for placing NDT sensors in contact with a
surface to be inspected. Aligning the NDT sensor and the work
surface while preserving contact, requires that all available
contact points at the end-effector tip are in contact with the
work surface. With a standard full-pose controller, attitude
errors often occur due to perturbations caused by modeling
uncertainties, sensor noise, and environmental uncertainties.
Even small attitude errors can cause a loss of contact points
between the end-effector tip and the work surface. To preserve
full alignment amidst these uncertainties, we propose a control
strategy which selectively deactivates angular motion control and
enables direct force control in specific directions. In particular,
we derive two essential conditions to be met, such that the
robot can passively align with flat work surfaces achieving full
alignment through the rotation along non-actively controlled
axes. Additionally, these conditions serve as hardware design
and control guidelines for effectively integrating the proposed
control method for practical usage. Real world experiments are
conducted to validate both the control design and the guidelines.

I. INTRODUCTION

In recent years, the utilization of aerial manipulators for
performing pushing tasks in non-destructive testing (NDT)
applications has seen significant growth [1], [2]. Substantial
research efforts have been directed towards developing
aerial manipulation platforms for such applications. Among
various types of platforms, fully-actuated aerial vehicles
capable of generating 6-DoF (Degree of Freedom) forces
and torques (i.e., wrenches) through thrust vectoring have
gained prominence [5], [6].

In general, specialized EEs (End-Effector) are designed
for specific interaction tasks. In NDT applications, EEs
with multiple contact points are often used for placing
contact-based sensors to collect measurements from the work
surface [2], [3]. To obtain accurate measurements from the
NDT sensor, it is essential to ensure full alignment between
the NDT sensor and the work surface [4] while being in
contact. This can be achieved by having full contact between
the EE tip and the work surface, where all available contact
points on the EE tip are in contact with the work surface. On
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Fig. 1: A fully-actuated aerial vehicle is pushing on an oriented flat work
surface with static contact points at the EE tip.

the other hand, undesired contact arises when there is a lack
of contact between at least one available contact point and
the work surface.

Various interaction control methods for aerial manipulation
have previously been implemented [1]. Among these methods,
impedance control [9]-[14] and hybrid motion/force con-
trol [7], [8], [15], [16], [21] stand out as prevalent approaches
in aerial manipulation tasks. When using the aforementioned
control methods with fully-actuated aerial vehicles [8], [9], the
full alignment between the EE and the work surface depends
on the accuracy of the attitude control and state estimation.
However, this can be challenging due to common uncertainties
in aerial systems caused by modeling inaccuracies, mechanical
imperfections, sensor noise, aerodynamic ceiling effects [17],
or unknown surface orientation. The resulted attitude errors
from uncertainties cause undesired contact between the EE tip
and the work surface. Consequently, the loss of contact points
leads to reduced support area [18] w.r.t. (with respect to) the
full-contact scenario. This results in two possible scenarios:
1) Stable Near-Zero Dynamics - It may remain stable during
the interaction but fails to fully align with the work surface;
2) Instability - It may capsize around the reduced support
area.

This work addresses the practical challenges of maintaining
stable full alignment between the EE of a fully-actuated
aerial vehicle and the work surface during pushing, with
the goal of guaranteeing reliable and robust aerial physical
interaction for NDT applications. Taking inspiration from
bipedal passive walking robots [19], we propose a hybrid
motion/force controller which selectively deactivates angular
motion control and enables direct force control in specific
directions. In particular, we derive two essential conditions,
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that if met, guarantee a passive alignement with flat work
surfaces by leveraging passive dynamics along non-actively
controlled axes. These conditions serve as valuable guidelines
for hardware and control design, facilitating the successful
integration of the proposed control method into practical
applications. In the end, we validate our findings with a fully-
actuated aerial vehicle stably pushing on differently oriented
work surfaces with static contact points, as in Fig. 1.

II. PASSIVE ALIGNING PHYSICAL INTERACTION

In this section, we introduce the fundamental assumptions
for obtaining the passive aligning behaviour during physical
interactions. In the studies on passive walking robots, the
planar system model with two legs can be simplified as two
rigid links being connected to the system CoM (Center of
Mass) [19], see Fig. 2a. When one link is in contact with
the ground at the CoP (Center of Pressure), the gravity force
vector G causes a torque around the CoP when it does not
pass through the CoP with the non zero slope y. When there
is no slipping at the current contact point (i.e., CoP), the
system rotates around the CoP like a simple pendulum until
the other link gets in contact with the ground. This behaviour
entails two essential factors: (i) the contact forces at the CoP
act within the friction cone [20], i.e., there is no slipping
during the rotation; (ii) there is a torque that enables the
rotation around the CoP in the desired direction.

Inspired by passive walking, we firstly study the physical
interaction problem with fully actuated aerial vehicles in a
2-D plane. We now consider a simplified planar system for
physical interaction using a symmetric EE with two contact
points equally distributed around its symmetric axis, see
Fig. 2b. The whole system is considered as a rigid body. In
Fig. 2b, with the rigid body assumption, a virtual leg that
connects the CoP and the CoM of the system is equivalent to
the leg 1 in Fig. 2a. The undesired contact between the EE
tip and the work surface can thus be seen as walking with
one leg in contact with the surface. With a desired passive
aligning behaviour, the planar system is expected to rotate
around the tip of the current contacting leg like a simple
pendulum until the other contact point at the EE tip touches
the surface. For the general 3-D case, in order to achieve
the desired passive aligning physical interaction with a rigid
and flat work surface using aerial robots, we present three
fundamental assumptions of this work:

o (1) We denote f¢: as the total normal force vector from
the work surface to the system. fi presents the total
friction force vector parallel to the work surface acting
on the system. They both act on the CoP at contact and
the friction cone is applied by:

Ifel < us-|fE, (1

where g € RT is the static friction coefficient.

e (2) A consistent force vector fB (in addition to gravity
compensation) along the symmetric axis of the EE acts
on the CoM of the system towards the work surface.

¢ (3) The angular motion in the direction of rotation
towards full contact is not actively controlled.

work surface

ground

; CoM

(a) Passive walking. (b) Passive aligning.

Fig. 2: Planar schematics of the pendulum model for passive walking (a)
and passive aligning physical interaction (b).
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(a) The aerial manipulator

(b) A schematic of the interaction.

Fig. 3: (a): Coordinate frames, a fully-actuated aerial vehicle with a cylindrical
EE. The EE has 3 spherical tips on its top surface. (b) Desired passive aligning
interaction with the aerial manipulator.

The force vector f2 in assumption (2) acts as a driving
force to generate a torque around CoP leading to desired full
contact. The assumptions (2) and (3) motivate the interaction
control design of the studied fully-actuated aerial vehicle in
the following sections. The control design is then enhanced
by studying the closed loop dynamics in the general 3-D
space to ensure this desired behaviour of the platform even
in the presence of uncertainties.

III. MODELING AND CONTROL

In this section, we present the fully-actuated aerial vehicle
used in this work and the interaction control design for
achieving passive aligning physical interaction based on
Sec. II. We detail the proposed hybrid motion/force controller
visualized in Fig. 4. The core idea is to selectively deactivate
angular motion control and enable force control in specific
directions to generate the driving force f® and make the
platform rotate around non-actively controlled axes.

A. System Modeling

The aerial manipulator used in this work consists of a fully-
actuated aerial vehicle with a rigidly attached cylindrical EE
as in Fig. 3a. The aerial vehicle can generate 6-DoF wrenches.
Fw = {Ow;xw,yw,zw} and Fp = {Op;xp,y5, 25} denote
the fixed world frame and the body frame rigidly attached
to the aerial manipulator CoM, respectively. The axes of
Zp correspond with the principal axes of inertia. The EE
has three spherical tips mounted on its top surface and is
symmetrically attached to the aerial vehicle w.r.t. the body
axis zp as in Fig. 3a. The spherical tips, here called the feet,
are spaced 120 degrees apart on a circle of radius d, w.r.t. the
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Fig. 5: Pink area: support area of i contact points, CC: center of geometry
of the EE top surface, d,: the radius of the circle where spherical tips locate
at with CC as the center. The support area gets smaller when i reduces.

CC (Center of Geometry) of the EE top surface (neglecting
the height of the tips), see Fig. 5. Each foot has one single
contact point with the work surface due to its spherical shape.
Therefore, the EE has i € [1,3] contact points with the work
surface. When i = 3, the EE tip is in full contact with the
work surface. The undesired-contact scenario is thus when
i =1,2. Each of the feet contains a pressure sensor and a
spring, with the pressure sensor indicating whether the foot
is in contact or not. Modeling the system as a rigid body, its
dynamics can be derived following the Lagrangian formalism
expressed in the body frame .#p as [8]:

My +Cv+g=w,+w,, 2)
oT

where v = [V, ,,]" € R is the stacked linear and angular
velocity, M = diag([Mlm M,mg]) and C € R%*% are the mass
and Coriolis matrices, g € R® is the wrench produced by
gravity, w, and w, € R® are the actuation wrench and external
wrench respectively. Fig. 3b displays a schematic of the
desired passive aligning interaction with the aerial system,
where f2 is the driving force along zp. I¢ is a vector that
points from the CoP to the system’s CoM, and I points from
CoP to the CC of the EE tip.

B. Motion Control

The used fully-actuated aerial vehicle allows 6-DoF full
motion control. The control wrench w,,,; € RS of the 6-DoF
motion controller can be derived as:

Winot = Mbref —Dye, — erp7

3)

where V,.r € RS is the stacked reference linear and angular
acceleration, D, and K, € R®*¢ are positive definite matrices
representing the damping and stiffness of the system respec-
tively, e, and e), € RR® are the stacked linear and angular state
errors w.r.t. the state reference, as in [8].

C. Force Control

The force along zp of the body frame is regulated by a
proportional-integral (PI) controller using the momentum-
based external wrench estimator from [11]. We define the
force error as ef = f35 — fref € R, where f5 € R is the
estimated interaction force component along zp acting on the
work surface, and f,.r is the force reference. The control
output of the direct force controller w; € R® can be written

as:
0
B
w,:{ }: o )
03 frgf—kpef—kijef
03

where k, and k; € R are positive gains.

D. Hybrid motion/force Control

According to assumptions (2) and (3) in Sec. II, the
proposed hybrid motion/force controller used for interaction
involves motion and force control in selected axes by
combining the control wrenches in Eq.(3)(4), as in Fig. 4.
The final feedback-linearized actuation wrench w, € R° is
defined as:

Wa:A'Wmot+wf+Cv+37 Q)

where A=diag([l 1 0 0 0 1])is the selection ma-
trix which eliminates the linear motion control in zg and the
angular motion control in xg and yp from w,,,. With the
actuation wrench in Eq. (5), the closed loop system dynamics
yields to:

MY = Aw,o +wr +w,. (6)

With this control design, the system dynamics passively
responds to the external wrenches in the selected non-actively
controlled directions.

IV. PASSIVE DYNAMICS OF THE SYSTEM

The 6-DoF motion controller in Sec.IlI-B is used during
free flight to reach a reference position close to the work
surface. After reaching the reference position, we manually
enable the interaction controller in Fig. 4 with the initial
force reference f.r being zero for smooth transition between
controllers. For approaching and aligning with the work
surface, we command the system with a reference force
frer > 0. We investigate the passive aligning behaviour of the
studied platform in detail in Sec. II.
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Fig. 6: a) f5 = fg + f8, decomposed w.rt. the 2-D plane S constructed by
vectors n and lp, n° is the normal unit vector of plane S, and 6 denotes
the angle between fZ and f5; b) front view of S plane with projected |I¢|:
llc|p, B is the angle from —n to f5.

A. Numerical Indicators of Contact Status

To achieve the desired passive aligning interaction in the
presence of uncertainties, we propose quantitative indicators
to evaluate the contact status between the EE tip and the
work surface. With these indicators, we derive two essential
conditions to be met to ensure the desired passive aligning
interaction. We define dcc € R as the distance from the CC
of the EE top surface to the work surface along the normal
unit vector n of the work surface — a measure of contact
status. When dcc = 0, the EE tip is fully in contact with the
work surface. dcc # 0 signifies undesired contact. We aim
at bringing dcc to zero with the torque generated around
the CoP by f5. To analyze the effect of fZ on dcc, we
decompose f? into two components as in Fig. 6a denoted
by:

P =fE+ 13, 7

where S is a 2-D plane constructed by n and lp, f5 is the
projected fZ on the plane S, and f2 denotes the component
along the normal unit vector n° of the plane S. We define 6 €
[0,90°) as the angle between fZ and f%, and B € (—90°,90°)
as the angle from —n to ff;. Based on the definition of dcc
and the front view of the plane S in Fig. 6b, the relationship
between dcc and f is given by:

dcc = |lolsin(|B]), (®)

with which, the angle 8 is directly related to the contact
status. Considering the support area in Fig. 5, |lo| can vary
among;:

llo| =d, fori=1,
4 <|lo|<dy, fori=2, ©)
0<|lp|<d,, fori=3.

Therefore, if and only if dcc = 8 =0 where i =3, |lp| can
be zero. The similarity between dcc and B makes 8 a good
proxy for representing the contact status with f = 0 being the
full-contact scenario. Furthermore, we study the dynamics
within the S plane, which is key for understanding how fZ
affects contact status across the entire system. In the following
sections, we outline the conditions to meet the fundamental

top view front view

CoP

work surface

Fig. 7: When 0 = 0, Aiyqx = 3d,sin(|B|) is the maximum allowed height
change of foot 2 or 3 before touching the work surface with increased 6.

assumptions in Sec. VI for achieving passive aligning physical
interactions, even in the presence of uncertainties.

B. Friction-Ensuring Condition

In this section, we derive the mathematical expression
which ensures the friction cone assumption in Sec. II. When
the platform is in the undesired-contact scenario, with the
decomposition of fZ in Eq.(7), the resulted contact forces
|f¢] and |f¢| introduced in Sec.Il can be written as:

|fel = | £Elcos(B),

[fel= \/(\ff?\sin(\ﬁl))2+ (82,
_|fel

\fel’
where as in Fig. 6a,

1Fol = |fP|cos(0), | f&] = |fP|sin(6).

The above equations accurately describe the forces in the
general 3-D space but add complexity in the mathematical
analysis later. Therefore, to simplify the problem, we assume
that when i = 2, the CoP locates at the center of the line in
Fig. 5 (b) which is the ideal case when only f? is acting
on the CoM in addition to gravity compensation. With this
assumption, % lies in the plane S, which yields the following
simplification:

(10)

u

\lo|:%, 60=0, for i =2. an
During i = 1, an increased 8 value will rotate the EE top
surface around I with a radius of @d, until the second foort
touches the work surface, see Fig. 7. The geometric relations
for 6 = 0 are shown in Fig. 7. The height change of foot
2 or 3 caused by the increased 8 is limited by the work
surface which introduces an upper bound to the maximum
value of 6, here we call 6,,,c. At 6 =0, the maximum height
change £y, of foot 2 or 3 and the upper bound of 6,,,, can
be derived as:

3
hmax = Edrs”/l(”a')’

hmax

V3d,

2

V3sin(|B]).
(12)

$in(Opmay) <

With Eq. 12, the ratio ¢ in Eq. 10 equates to:

£
Iz

u <mn(ﬁl)\/ U+ =gy = (18D 19
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where L;,, is an upper boundary of u. The uy;,, as a function
of |B] is visualized in Fig.8a which shows that p;, increases
along with |B| in the range [0,30°]. |B| varies within a range
due to perturbations caused by uncertainties with |f . being
the maximum value in the range. Based on Eq.(13), if the
friction condition in Eq.(1) holds for the upper boundary i;,
with |B| = |B|max. then the friction condition holds for the
entire range of |B|. Therefore, to ensure the friction condition
in Eq.(1), we propose the following condition:
« Condition 1

ulim(|ﬁ|max) < nNus, (14)

with 11 € (0, 1] being a safety factor used to account for for
uncertainties that may affect the contact forces.

C. Rotation-Ensuring Condition

When Eq.(1) holds, we derive the condition to be met
that guarantees the desired rotation towards full contact by
studying the passive dynamics in the plane S. We define
T4 € R as the perturbation of rotational dynamics caused by
uncertainties (neglecting the short impact period during the
initial contact). We denote |I¢|p as the projected length of
|lc| in plane S. The simplified pendulum dynamics in plane
S can be written as:

mllc|pB = ¥ — 14, (15)

where
AR Z (16)

with m being the mass of the whole system, and 77 € R is

the torque generated by f,li w.r.t. the reference point CoP.

With Eq.(16) the system rotates with an angular acceleration
of:

[

mllc|p

Knowing that [f5| = |f®|cos(0) > | fZ|cos(Onax) and |lp| >
% for i = 1,2 and considering Eq.(12), one has:

(I8 ]110| — Ta). (17)

d . d
|t?| > |fB| -cos(@max)é > \fB\ 1 —3sm2(|[3|max)5r. (18)

To ensure that 5 = _\%I towards reducing |B| under

8]

uncertainties, we propose a second condition to be met where:
« Condition 2
d,

|fB| 1_3Si”2(|mmaX) 3

and |Ty|mqy is the maximum value of |7y].

> ‘Td|mam (19)

D. Design Guidelines

The presented two conditions can serve as valuable
guidelines for hardware as well as control design. Condition 1
provides the minimum g required to ensure the friction cone
assumption in Sec. II against uncertainties which simplifies
the selection of contact materials at the EE tip. Condition 2
can be used to design the EE size knowing the preferred force
value |f5| to be generated from the platform, or to calculate
the minimum force required knowing the size of the EE, to

ensure the desired rotation in the presence of uncertainties.

In the following section, we present practical experiments
that validate the control approach and the guidelines.

tim (|8)

Miim

0 5 10 15 20 25 30
18] (degree)

(@ (b)

Fig. 8: (a): Wy increases along with |B]. (b): Aerial robot in interaction
with the work surface mounted on the ceiling.
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Fig. 9: a) four groups of experiments with different ranges of || as (A) and
(B), under different friction coefficients g, the dashed line is the minimum
us to meet Condition 1; b) experiments in group 2 with range (A) and
s ~ 0.6 subjected to different force reference f.r sent to the force control,
S is the evaluator of contact status using pressure sensor data, lower &
presents better contact.

V. EXPERIMENTS

In this section, we show four groups of experiments with
different ranges of || and friction coefficients g between
the EE tip and the work surface to validate the functionality
of Condition 1. Moreover, experiments with different force
reference f.r are executed with the same |f| range and ug
to validate the effectiveness of Condition 2.

A. Experiments Setup

The aerial manipulator described in Sec. III-A is used
for all experiments. A flat wooden board mounted on the
ceiling is set up as the work surface, see Fig. 8b. A Vicon
motion capture system is used for obtaining position and
orientation. Additionally, a 6-DoF FT (force and torque)
sensor is mounted below the EE to measure the external
forces and torques during interaction. The purpose of using
the FT sensor is to obtain ground truth contact information
for the system’s dynamics study, and is not used for force
control. Pressure sensors at the EE tip are used to check the
contact status of the three feet. Considering the dimensions
of the platform, the EE is designed with d, = 0.0525m.

B. Verification of Condition 1

The four groups of experiments presented in this section
are shown in Fig. 9a which involve two ranges of || value
and three ranges of static friction coefficients at contact.
Considering the above experimental setup, we arranged
experiments in two ranges of || value as: range (A) - [0,6°],
and range (B) - [7,11°]. From these two ranges of ||, we can
calculate the corresponding iy, as Wit = Wi (|| =6°) =
0.2, and uf = W, (|B|=11°) = 0.4. To ensure Condition 1
under uncertainties, we choose 1 = 0.4. Therefore the static
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Fig. 11: Tests in group 2: dcc for different f,.r. When f.r increases, dcc
reduces indicating better contact status. At fy.r = 20N, dcc has the lowest
value.

friction coefficients that can ensure friction cone assulglption
for range (A) and (B) are: ug > % =0.5, and ug > “%% =1.
Three different approximate friction coefficients between the
EE tip and the work surface are tested, where case 1 has
Us ~ 0.1, case 2 has ug ~ 0.6, and case 3 has ug ~ 1.2.
The static friction coefficients are regulated by changing
the materials at the EE tip and the work surface. Group 1
and group 2 are tested under range (A) but with friction
conditions of case 1 and 2 respectively. Group 3 and group
4 are tested under range (B) but with friction conditions of
case 2 and 3 respectively. The dashed line in Fig. 9a presents
the case when g equals to the minimum value iz to meet
Condition 1. Condition 1 is intentionally not satisfied in
group 1 and 3 and we therefore expect the system to slip
and become unstable, while it is met for group 2 and 4. The
failure cases of group 1 and 3 are shown in the attached
video in which the platform slipped and instability occurred.
The platform accomplished the interaction task in group 2

and 4. The measured force ratio y = ‘%CN‘ from the FT sensor
for group 2 and 4 is shown in Fig. 10. From the failure of
group 1 and 3, we can conclude that ensuring the friction
cone assumption is crucial for stable interaction. Moreover,
the force ratio measurements from group 2 and 4 confirm the
expected friction condition during the interaction, see Fig. 10.

C. Verification of Condition 2

In this section, we validate the effectiveness of Condition
2 through three tests in group 2 with different force reference
frer sent to the force control. In group 2, range (A) of |B] €
[0,6°] and static friction coefficient of pg =~ 0.6 are used,
as in Fig. 9a. The rotational torque caused by uncertainties

|74] can be estimated via the external wrench estimation
while hovering during free flight, which varies in a range
of [0, 0.5]N'm according to the test results. With the setup
in group 2, Condition 2 yields: |f?|\/1— 3sin?(6°)%%% >
0.5 which results into |f#| > 19.4N. Therefore, to ensure
the desired rotational dynamics with the current setup, it is
suggested to set the reference force magnitude f.r to at least
20N. To quantitatively evaluate the contact status of the three
feet with different f,.; values as f.r =5N, 10N, 20N, a
numerical evaluator § is defined as:
Ly St
=3 j:ZIRSME( Sner i),

(20)

where S{Xn denotes the sequence of the j—th,j=1,2,3
pressure sensor measurements during physical interaction, and
I, is an array of ones with the same size. S,y = l| f,f?as| is
the desired value of each pressure sensor, where 5, is the
measured force value along zp by the FT sensor during the
interaction. RMSE (a,b) represents the Root-Mean-Square-
Error between the arrays @ and b. § thus denotes the average
RMSE of three pressure sensors. The & value from the tests in
group 2 is shown in Fig. 9b. Ideally the three pressure sensors
should equally contribute to the total force value with § = 0.
Therefore, a smaller value of é indicates a better contact status
between the EE tip and the work surface. Among group 2,
with f.r = 20N, we obtained the best contact status with the
lowest & value as in Fig. 9b. The measurements of d¢c in
Fig. 11 indicate that f,,r = 20N establishes a better contact at
steady-state with smaller magnitude of dcc. With the above
experiments, we validated the effectiveness of Condition 2.
Additionally, we present a set of interaction experiments
with work surfaces at various orientation, as in Fig. 1.
Executed experiments are displayed in the attached video,
also available at https://youtu.be/AMHIiGw5r6E.

VI. CONCLUSION AND DISCUSSION

In this paper, we introduced a hybrid motion/force control
strategy augmented by passive dynamics. We provided a
detailed analysis of the critical conditions that guarantee
passive aligning physical interactions with fully-actuated
aerial vehicles. These contributions serve as practical design
guidelines for both hardware and control of future aerial
manipulators, and address the practical challenges associated
with the utilization of fully-actuated aerial vehicles in NDT
applications. We verified the proposed control strategy and
design guidelines through extensive experiments. The pro-
posed guidelines offer a solution that allows us to achieve the
targeted interaction task without adding excessive complexity
to the control design. In the existing literature of aerial ma-
nipulation, forces and torques coming from the environment
acting on the robotic system are often compensated by active
control as disturbances. In this work, we showed that in some
cases, the external wrench generated by contact forces can be
used to assist the system in accomplishing interaction tasks.
A comprehensive understanding of the contact forces and of
the contact conditions is key to identify these cases.
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