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Abstract— Physical inspection tasks often require a sensor to
be mounted on an end-effector, causing the vehicle’s center
of mass to shift away from its geometric center. In this
extended abstract, we investigate the effect of such an off-center
payload on the design of a fixedly tilted fully-actuated octarotor.
In particular, results show how the CoM shift changes the
optimal rotor orientations. The proposed analysis also shows
that, irrespective of the shift, the optimal direction of each
propeller lies on the plane perpendicular to the line between
that propeller center and the geometric center of the robot
chassis.

I. INTRODUCTION

Due to their versatility, simplicity, and suitability for
a wide range of applications, multirotor aerial vehicles
(MRAVs) have been extensively studied in recent years [1].
Traditional multirotor designs, such as quadrotor or hexaro-
tors, typically feature fixed, coplanar propellers with parallel
angular velocities. These configurations are underactuated,
meaning that not all six degrees of freedom (DoFs) can
be independently controlled [2]. As a consequence, hori-
zontal motion can only be achieved by tilting the vehicle,
which limits maneuverability and prevents full decoupling
of position and attitude. This limitation has motivated the
development of new MRAV designs that explore alternative
numbers, positions, and orientations of propellers to provide
enhanced actuation capabilities. Among these, omnidirec-
tional and morphing multirotors have attracted significant
attention. Omnidirectional platforms can sustain their weight
and generate forces in any direction, enabling independent
control of position and orientation [3]. Various approaches
exist to achieve decoupled position and attitude control [4].
A design that aims at maximizing the wrench space of the
vehicle is proposed in Brescianini et al. [5] where the vehicle
is equipped with fixed bi-directional propellers placed at the
vertexes of a cubic frame. Morphing designs with actively
tilting propellers are another technique employed to achieve
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Fig. 1: Schematic representation of the considered fully actuated
octarotor.

omnidirectional wrench generation by dynamically change
the orientation of the propeller such that the desired wrench
is realized [6]–[9]. In Franchi [10], the optimal design
problem is studied for a large class of multirotor designs. The
mathematical modeling of these designs is typically carried
out under the assumption that the CoM of the vehicle always
coincides with its geometric center.

In the literature, a shifted CoM is often treated as an
external disturbance rather than being incorporated into the
system model. For example, in Bodie et al. [11], the effect
of the CoM shift is compensated through a wrench estimator
combined with an impedance controller, without explicitly
updating either the dynamics or the control-allocation model.
As a consequence, the reported simulations and experiments
exhibit a residual steady-state torque offset. Another strat-
egy, proposed in Fresk et al. [12], estimates the center of
gravity online via an EKF and update the control-allocation
matrix accordingly, enabling compensation of both abrupt
and gradual payload-induced shifts. However, their approach
still does not revise the dynamic parameters of the robot,
such as the inertia matrix, to account for the displaced CoM.

Related work on omnidirectional aerial vehicles with uni-
directional thrusters has also highlighted the importance of
conditioning of the allocation matrix. In particular, inspired
by Tognon and Franchi [13], we here use the condition
number of the allocation matrix as a design metric.

In this work, we consider an 8-propeller Omnirotor plat-
form [14], whose rotors are placed at orientations defined
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Fig. 2: Optimal orientations for yd = 0. Left: top-view of the octarotor; right: aggregated view of all propeller disks superimposed.
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Fig. 3: Optimal orientations with CoM shift yd = 0.25L. Left: top-view; right: aggregated view of all propeller disks superimposed.

by two independent rotations. Owing, for example, to an
NDT sensor mounted on the end-effector, the vehicle center
of mass does not coincide with its geometric center. We
investigate how the optimal propeller directions vary as the
CoM shifts. Our results show that the optimal directions of
the propellers depend on the CoM shift. Nonetheless, all the
optimal directions lie on the plane perpendicular to the vector
connecting the geometric center of the propeller’s positions
to the propeller location.

We first present the vehicle dynamic model, followed by
the optimization problem. We then present simulation results
illustrating the effect of the CoM shift on the optimal design.

II. DYNAMIC MODEL

We consider the fully-actuated octarotor with positions of
the propellers lying on a cube as in [5], [14]. The CoM of
the robot is considered shifted from the propellers’ geometric
center due to the presence, e.g., of a rigid end effector. A
schematic representation of the considered system is in Fig.
1 Let FW be the inertial frame, FB a frame fixed to the
vehicle and centered at the geometric center of the propeller’s
positions, and FBCoM another vehicle-fixed frame centered at

the shifted total center of mass (CoM), defined as OBCoM
.

OBCoM
position in FB is d = (0, yd, 0). Denote by p ∈ R3

the position of OBCoM in FW , by ωBCoM ∈ R3 the body
angular velocity expressed in FBCoM .

Let the control input vector be

u = [w̄1|w̄1| · · · w̄8|w̄8|]T := [u1 · · · u8]
T ∈ R8, (1)

where w̄i is the angular speed of propeller i. For each
propeller, let ni its thrust direction expressed in FBCoM

, and
let its position relative to the shifted CoM be

pBCoM
i = Lsi − d, i = 1, . . . , 8, (2)

with si ∈ {−1,+1}3 denoting the cube-vertex sign pattern
and d the CoM shift. L is the cube half-side length.

The total actuator wrench at FBCoM
is written as

w =

[
f
τ

]
= Au, (3)

with allocation matrix

A =

[
N
M

]
∈ R6×8, (4)
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Fig. 4: Projection on the XY plane of the 0.1% near-optimal solutions. Each color uniquely identifies a single solution from the multi-start
optimization. Top: without CoM shift; bottom: yd = 0.25L.

N =
[
kfn1 · · · kfn8

]
∈ R3×8, and

M =
[
[pBCoM

1 ]×kfn1 · · · [pBCoM
8 ]×kfn8

]
.

Here, kf is the thrust coefficient and [·]× denotes the skew-

symmetric matrix such that [a]×b = a×b. The drag moment
contribution has been omitted, assuming its contribution is
negligible compared to the thrust-induced torque, similarly
to what is done in the state of the art [5], [10]. The complete



Newton-Euler dynamics of the platform are therefore[
mp̈

IBCoM
ω̇BCoM

]
=

[
−mg

−ωBCoM
× (IBCoM

ωBCoM
)

]
︸ ︷︷ ︸

f

+Au
(5)

with g = [0 0 − g]T the gravity vector, m the mass of
the robot, and IBCoM

the rotational inertia. This formulation
explicitly captures the CoM shift both in the inertia tensor
IBCoM and in the allocation matrix A through the shifted
positions pBCoM

i .

III. DESIGN OPTIMIZATION PROBLEM

The positions of the propellers on the robot’s chassis are
considered fixed, given parameters. The design objective is to
select the propeller orientations so that the resulting alloca-
tion matrix remains as well-conditioned as possible under the
shifted CoM while preserving full omnidirectional wrench
generation. To this end, we optimize the rotor directions ni,
i = 1, . . . , 8, by minimizing the following cost function,
where K > 0 is a scalar weighting factor

min
n1,...,n8

−σmin(A) +K
σmax(A)

σmin(A)
, (6)

constrained by ∥ni∥ = 1. Eq. (6) simultaneously maximizes
the minimum singular value of A and penalizes a large
condition number. The problem is nonconvex and solved
using a multistart nonlinear procedure. The best local so-
lution is retained as the optimized rotor configuration for
the considered shift yd, which appears in the cost function
through matrix A.

IV. SIMULATION RESULTS

To solve the optimization, a total of 700 initial guesses
for the propeller orientations were generated by uniformly
sampling points on the upper unit hemisphere.

In Fig. 2, the optimal propeller directions are represented
for the case where the CoM and the propeller geometric
center coincides. Conversely, Fig. 3 shows the optimal pro-
peller orientations for a shift yd = 0.25L. From this and
other tests omitted for the sake of space and carried out
for yd ∈ {0.5L,L, 1.5L, 2L}, it emerges that the optimal
propeller orientations change with the CoM shift.

Moreover, we observed from numerical results that despite
the optimal orientations changing with the CoM shift, they
lie on the same plane, orthogonal to the line connecting the
propeller center with the center of the cube. Notably, the
definition of such a plane does not depend on the shift of the
CoM. As an example, in Fig. 4, we report the 0.1% near-
optimal solutions with yd = 0 and with yd = 0.25L. The
solutions with the CoM shift are less uniformly distributed
than in the case with yd = 0. Nevertheless, they fit a curve
corresponding to the intersection between the hemisphere
spanning the possible propeller orientations and the plane
orthogonal to the line connecting each propeller with the
center of the cube.

V. CONCLUSIONS

The abstract studies the optimal design of a fully actuated
octarotor. We have shown the dependency of the optimal
solutions on the CoM shift for the considered cost function.
In the future, different cost functions will be considered,
as well as the effect of the propeller drag moment, and
analytical results will be derived.
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