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A Linear Complementarity based MPC for Aerial Physical Interaction

Riccardo Fuser1, Hai-Nguyen Nguyen2, Gian Paolo Incremona3, Marcello Farina3, Marco Cognetti1

Abstract— This paper presents a general MPC-based control
framework that includes the linear complementarity problem
(LCP) for modeling the interaction forces of a mobile robot.
To validate our approach, two case studies are considered: (i)
an aerial robot that should reach a target point placed on a
frictionless surface; and (ii) an aerial robot that should lift a
cable-suspended mass, switching from a slack to a taut cable
condition. The simulation results confirm the validity of our
approach, and the ability of the LCP to model the interaction
forces for an aerial platform.

I. INTRODUCTION

In recent years, aerial robotics has experienced an extreme
growth in popularity also thanks to the rapid evolution of
technology [1], [2]. Aerial robots have found application in
a wide range of civilian and commercial uses, stemming
from aerial photography and cinematography [3] to aerial
monitoring and inspections [4]. All these activities involve
purely observations of the environment. This contrasts with
one of the goals of robotics, which includes developing
autonomous systems capable of assisting and/or replacing
humans in demanding or hazardous tasks [5], especially in
hard-to-reach environments like high altitudes, or areas with
radiation exposure. To achieve this goal, aerial robots must
not only observe their surroundings but also actively interact
with them, managing the interaction forces that arise.

Along this line, research is now focusing on the devel-
opment of aerial manipulators – that is, aerial platforms
equipped with robotic arms – explicitly meant for active
interaction with the environment [1]. These systems can be
employed in a variety of applications, including contact-
based inspection [6], industrial maintenance [7], and disaster
response [8]. Beyond manipulation, another emerging form
of physical interaction for aerial platforms involves payload
transportation, where the robot must exchange forces with
the payload to move it toward a desired location [9]. In this
context, [10], [11] propose the use of multiple Autonomous
Aerial Vehicles (AAVs) connected to the payload via cables
to enable cooperative aerial transportation.

The possibility to interact with the environment can be
useful also for energy-saving purposes, in order to overcome
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the limitation of the aerial robots’ short endurance. For exam-
ple, AAVs encaged in external protective structures, typically
spherical or cylindrical, have been developed in [12], [13].
When the external protecting cage is a rolling structure, a
hybrid design is obtained which makes it possible for both
aerial and terrestrial locomotion and, at the same time, it
gives the possibility to limit energy consumption by making
use of the terrestrial locomotion whenever practicable.

These recent developments in aerial physical interaction
highlight the increasing complexity of tasks involving direct
contact with the environment. An important challenge in such
scenarios lies in accurately modeling the interaction itself.
Even more critically, an open question is how to represent
the transition between contact and non-contact phases, which
is essential for ensuring stable and reliable behavior during
dynamic interactions. Motivated by these considerations, we
use a Linear Complementarity Problem (LCP) [14], [15] to
model the physical interaction. The latter can be integrated
inside a Model Predictive Controller (MPC) [16]–[18]. The
MPC is efficiently solved by the iterative Linear Quadratic
Regulator (iLQR) algorithm [15], [19], [20].

In this paper, the effectiveness of the proposed framework
is demonstrated on two case studies: (i) a quadrotor that
should land on a frictionless surface, and (ii) a quadrotor that
must lift a cable-suspended payload. It is worth highlighting
that modeling the interaction through a LCP formulation
enables the derivation of a unified model, eliminating the
need to separately model the pre- and post-contact phases and
to design a hybrid control strategy to handle the switching
between them. This is particularly advantageous in the sec-
ond scenario, which is typically represented in the literature
as a hybrid system composed of multiple discrete modes. For
instance, in [21], the lifting maneuver is segmented into three
distinct phases – setup, pull, and raise – each governed by
its own set of dynamics. In contrast, our approach employs
a single, continuous model, which is more naturally suited
for integration within an MPC framework.

The rest of the paper is organized as follows. Section II
presents the LCP-based models developed for the considered
case studies. Section III formulates the MPC problem and
outlines its application to the different scenarios. Simulation
results validating the proposed approach are reported in
Section IV. Finally, Section V concludes the paper.

II. MODELING

This section derives the LCP formulation to model in-
teraction forces acting on a robot. In particular, Section II-
A describes some preliminaries, Section II-B derives its
mathematical formulation, while Section II-C presents the



two case studies considered in this paper: (i) a planar
quadrotor that should land on a frictionless surface, and (ii) a
planar quadrotor that should lift a cable-suspended payload.

A. Preliminaries on contact force modeling

Consider a robot coming into contact with a rigid surface.
When both bodies are assumed to be perfectly rigid, no
deformation can occur, and physical penetration is impos-
sible. This implies a non-penetration condition, which can
be expressed as a unilateral constraint on the geometric
distance ϕ between them [22], requiring ϕ ≥ 0 to prevent
interpenetration. Specifically, a complementarity relationship
arises between the contact force and the distance separating
the two entities: either (i) the contact force is zero and ϕ > 0,
meaning the bodies are not in contact, or (ii) the contact
force is non-zero and ϕ = 0, indicating active contact.
To formally capture this interaction, we adopt the LCP
framework [14], which will be introduced in Section II-B.
For the readers’ convenience, it is worth to notice that ϕ can,
in general, be any differentiable function of the system state,
as long as it is non-negative. As an example, in Section II-
C.2, ϕ will denote the remaining length of a cable before it
becomes taut.

B. Linear Complementarity Problem formulation

Consider a generic robot that comes into contact with a
frictionless surface. In this case, the contact force is always
normal to the surface and, as discussed in [23], [24], a
solution to the corresponding LCP is known to always exist.

Let q, q̇, and q̈ be the generalized coordinates, velocity,
and acceleration respectively, of the considered robot. Its
equations of motion can be expressed as:

M(q)q̈ = τ (q, q̇) +B(q)u+ J(q)T f int (1)

where M(q) represents the robot’s inertia matrix, τ (q, q̇)
is the vector of external forces acting on the robot (e.g.,
gravity, Coriolis, drag etc.), B(q) is the input matrix and u
is the applied control vector (e.g., thrust forces). Moreover,
J(q) represents the contact Jacobian that maps the gener-
alized coordinates to the normal contact coordinate n. In
particular, J(q) = ∂ϕ(q)/∂q = ∇T

q ϕ(q). Finally, f int is
the magnitude of the interaction force.

Discretizing (1) by using Euler integration with time step
∆t, we derive the following discrete-time model{
qk+1 = qk + q̇k+1∆t

q̇k+1 = q̇k +M−1
k

(
τk∆t+Bkuk∆t+ JT

k f int
k+1∆t

) (2)

where qk = q(tk), Jk = J(qk), and the same notation
applies to the remaining symbols.

A more compact representation of (2) can be written as(
qk+1

q̇k+1

)
= f(qk,uk) =

(
qk + q̇k+1∆t

M−1
k

(
ck + JT

k f int
k+1∆t

)) (3)

where
ck = Mkq̇k + τk∆t+Bkuk∆t. (4)

Denoting with

λk+1 = f int
k+1∆t (5)

the interaction impulse and recalling that ϕ is a function sup-
posed to be non-negative, we can obtain a LCP formulation
by imposing the unilateral constraint ϕ(qk+1) ≥ 0. This,
according to [15], can be written as

ϕ(qk+1) = ϕ(qk) + ∆t Jkq̇k+1

= ϕ(qk) + ∆t JkM
−1
k

(
ck + JT

k λk+1

)
≥ 0

(6)

and is equivalent to the compact form

ϕ(qk+1) = akλk+1 + bk ≥ 0 (7)

where

ak = JkM
−1
k JT

k ∆t

bk = ϕ(qk) + JkM
−1
k ck ∆t

= ϕ(qk) + ∆t Jk

(
q̇k +M−1

k τk∆t+M−1
k Bkuk∆t

)
An additional constraint stems from the non-adhesive nature
of contact, which requires that the interaction impulse satis-
fies λk+1 ≥ 0. Moreover, as discussed in Section II-A, the
interaction impulse λk+1 and the distance function ϕ(qk+1)
are complementary – that is, they cannot both be strictly
positive simultaneously. Together with (7), these conditions
can be compactly expressed in LCP form as:

0 ≤ λk+1 ⊥ akλk+1 + bk ≥ 0 (8)

Finally, the impulse λk+1, that prevent penetration be-
tween the bodies, is computed by solving an LCP at each
simulation time step. To this aim, we employed the so-called
Lemke’s algorithm (see, e.g., [14] for more details).

Briefly, after discretizing the system’s equation of motion
and starting from the assumption of no contact as initial
condition, one has to compute, at every time step, the
next interaction impulse λk+1 from (8). λk+1 – and, more
specifically, the interaction force f int

k+1 derived from it via (5)
– will be incorporated into the predictive model of the MPC
controller, as detailed in Section III.

C. Case studies

To prove the validity of the LCP formulation in modeling
different kinds of interaction forces, two case studies are
considered in this paper: (i) a quadrotor coming into contact
with a frictionless surface; and (ii) a quadrotor that lifts
a cable-suspended payload. Both case studies are modeled
using (1). Furthermore, for each case, a suitable expression
for the unilateral constraint ϕ(qk+1) ≥ 0 will be derived (see
Section II-C.1 and Section II-C.2), enabling the formulation
of a corresponding LCP in the form (8), which allows the
computation of the interaction forces that will be used within
an MPC controller (see Section III).



Fig. 1. The planar quadrotor considered. In particular, xr and yr are the
CoM position of the robot, θr is its orientation, all expressed in an inertial
reference frame I. Moreover, u1 and u2 are the thrust forces of the drone’s
propellers and g is the gravitational acceleration.

1) Aerial robot contacting with a surface: The first phys-
ical system that we consider as a benchmark is an AAV that
should land on a frictionless surface. The interaction force
considered in this case is the contact force.

To simplify the problem, we assume that the quadrotor’s
motion is constrained to a plane, reducing the problem
to a two-dimensional setting. Additionally, we assume that
the quadrotor is condensed in its center of mass (CoM),
so that the contact force is always applied at this point.
This approximation allows us to neglect potential contacts
between the propellers and the surface. Possible real systems
that well suit this approximation are the encaged quadrotors,
i.e., AAVs equipped with an external protective and rolling
structure with a circular section, e.g., a sphere or a cylinder
(see, e.g., [12] and [13]). These systems are specifically
designed to interact with surfaces protecting the propellers
from impact against them.

Let q be the pose of the robot, with xr, yr representing its
center of mass position and θr its orientation, all expressed
in an inertial reference frame I, as shown in Fig. 1. The
system model can be expressed in the form (1) by choosing:

q =
[
xr yr θr

]T
M =

mr 0 0
0 mr 0
0 0 Ir

 τ =

 0
−mrg

0


B =

− sin θr − sin θr
cos θr cos θr
dr −dr

 u =

[
u1

u2

]
,

where mr is the mass of the robot, Ir is its moment of inertia,
and dr is the distance between the center of mass and the
base of the propellers; u is the vector of the thrust forces
of the propellers of the drone; f int is the magnitude of the
contact force normal to the contacting surface.

In this case study, we considered ϕ(q) as the geometric
distance between the robot CoM and the external boundary
of the surface, supposed to be spherical for sake of simplicity,
i.e.,

ϕ(q) =
√
(xr − xs)2 + (yr − ys)2 −Rs, (9)

where s = [xs, ys]
T is the center of the surface in I and Rs

its radius.
2) Aerial robot lifting a cable-suspended payload: In this

scenario, the aerial robot should lift a mass connected to the
quadrotor via a cable, as in [21].

Consider a point mass suspended through a massless and
unstreatchable cable from the quadrotor CoM. This system
can be modeled through (1) by choosing:

q =
[
xr yr θr xp yp

]T

M =


mr 0 0 0 0
0 mr 0 0 0
0 0 Ir 0 0
0 0 0 mp 0
0 0 0 0 mp

 τ =


0

−mrg
0
0

−mpg



B =


− sin θr − sin θr
cos θr cos θr
dr −dr
0 0
0 0

 u =

[
u1

u2

]
,

where xr, yr, θr,mr, Ir are robot-related quantities defined
in Section II-C.1. Moreover, p = [xp, yp]

T is the position
of the point-mass payload with respect to I and mp is the
point-mass payload. Finally, f int in (1) is the magnitude of
the tension force acting on the cable between the point mass
payload and the quadrotor.

This scenario is completely different from the previous
one: here there are no contact forces and surfaces to interact
with. Anyway, we could apply the same theory about inter-
action force modeling and the related LCP: specifically, one
can take into account as interaction force the tension force
of the cable when it is taut (instead of the contact force) and
as function ϕ the expression

ϕ(q) = Lp −
√
(xr − xp)2 + (yr − yp)2, (10)

where Lp is the length of the cable when it is taut, and the
second term in (10) represents the distance between the robot
and the payload. The cable constrains the latter to never be
greater than Lp, so that we always have ϕ(q) ≥ 0. As for
the previous case study, a complementarity condition can be
formulated: when the cable is slack, the tension force f int

is zero and ϕ is positive; conversely, when the cable is taut,
a non-zero tension force f int arises and ϕ becomes zero.

III. THE PROPOSED MPC

This section describes how to integrate the LCP formu-
lation described in Section II-B within an MPC framework.
Given the dynamic model in (3) and defining the system state
at a generic time instant tk as xk = x(tk) =

[
qT
k q̇T

k

]T
,

our MPC iteratively solves the following optimal control
problem

min
(X,U)

J(X,U)

s.t. x(tk) = x0,

xk+1 = f(xk,uk)

(11a)

(11b)
(11c)



where uk is the control input of the system at generic
time instant tk, x0 is the current state of the system, and
X = {x0, . . . ,xN}, U = {u0, . . . ,uN−1}. In addition,
f in (11c) – whose expression is in (3) – is the dynamic
function that describes the state evolution from xk to xk+1

given the control uk.
The cost function J in (11a) to minimize is defined as

J(X,U) =

N−1∑
k=0

l(xk,uk) + lf (xN ) (12)

where l(xk,uk) is the running cost, lf (xN ) is the terminal
cost term and N is the considered horizon length. Specifi-
cally, these functions are chosen to be quadratic in order to
employ the iLQR algorithm, that is

l(xk,uk) = (xk − xg)
TQ(xk − xg)+uT

kRuk

lf (xN ) = (xN − xg)
TQT (xN − xg)

(13)

(14)

It is important to note that the optimal control problem
defined in (11a–11b–11c) explicitly depends on the LCP
condition described in (8). Specifically, for a robot whose
dynamics is given by (3), the function f corresponds to
the right-hand side of that equation. Since this expression
explicitly depends on the interaction force f int

k+1, the predic-
tive model (11c) used in the MPC formulation inherently
depends on f int

k+1 as well. Consequently, computing f int
k+1 is

necessary to solve the MPC problem. To this end, we employ
the methodology presented in Section II-B: using Lemke’s
algorithm, the interaction impulse λk+1 is first obtained from
the LCP in (8), and the corresponding interaction force f int

k+1

is then computed via (5). In other words, we have two nested
optimization problems to be solved: (i) an inner one, that is
in charge of computing f int

k+1 by first solving the LCP in (8)
and then applying (5); and (ii) an outer one, i.e., (11a-11b-
11c), solved by the MPC that uses f int

k+1 in (11c).
Following the receding horizon principle, the optimal

control problem (11a–11b–11c) is iteratively solved at each
time instant to obtain the control sequence U , of which only
the first input u0 is applied to the system. The optimization
is then repeated at the next sampling instant.

IV. SIMULATIONS AND RESULTS

In this section, simulation results that validate the proposed
approach are reported. In both case studies, we start from the
assumption of zero interaction force as an initial condition.
It well suits the two examined case studies: for the first, it
implies an initial position of the aerial robot that is far from
the surface, and for the second it reflects the initial slack
condition of the cable connecting the robot and the payload1.

The two scenarios highlight the capability of our frame-
work to handle distinct complementarity conditions and
demonstrate a key advantage of embedding the LCP formu-
lation within an MPC controller: it enables a unified model
within the MPC formulation, without the need to manually

1A video illustrating the different simulation scenarios is avail-
able at: https://www.laas.fr/en/homepages/rfuser/
research/linear-complementarity-mpc/.

TABLE I
SIMULATION PARAMETERS FOR THE SCENARIO WHERE A QUADROTOR

HAS TO REACH A DESIRED GOAL STATE xg ON A RIGID SURFACE. THE

MPC STATE FOR THIS SCENARIO IS: x = [xr, yr, θr, ẋr, ẏr, θ̇r]T .

Quadrotor

mr 1 kg
Ir 11.7 · 10−3 kg ·m2

dr 0.1m

Simulation

∆t 0.01 s
N 100

Surface
xs 1m
ys 0.85m
Rs 0.15m

Cost function J
Q diag(100, 100, 0, 10, 10, 1)
R diag(1, 1)
QT diag(1000, 1000, 1000, 1, 1, 1)

Initial State x0

Quadrotor
xr,0 = 0.9m, yr,0 = 1.1m, θr,0 = 0.0 rad

ẋr,0 = 0.0m/s, ẏr,0 = 0.0m/s, θ̇r,0 = 0.0 rad/s

Final Desired State xg

Quadrotor
xr,g = 1.0m, yr,g = 1.0m, θr,g = 0.0 rad

ẋr,g = 0.0m/s, ẏr,g = 0.0m/s, θ̇r,g = 0.0 rad/s

divide the task into separate phases or implement switching
strategies, as would be required if different models were used
across different task stages (see, e.g., [21]).

A. Case study 1: Quadrotor interacting with a rigid surface

Consider a quadrotor that is tasked with reaching a desired
state – denoted with xg – placed on a frictionless surface.
This surface is modeled as a sphere, whose center and radius
are assumed to be known. These geometric quantities are
used for computing the unilateral constraint of this case
study, where ϕ(q) is the geometric distance between the
quadrotor center of mass and the surface.

The parameters used for this application scenario are re-
ported in Tab. I. We performed several simulations, depicting
two resulting trajectories in Fig. 2. These trajectories differ
for the value assigned to R in (13), being R = 0.01 I2 in the
first case and R = I2 in the second one, where I2 is the 2×2
identity matrix. In the former case, R is chosen in such a way
the energy term in (13) is numerically smaller with respect to
the state-related one. This results in a trajectory (orange line
in Fig. 2) where the drone moves, in a greedy manner, to the
desired state, at the price of a poor energy-efficient trajectory.
On the other hand, when R is set to higher values (as for the
blue trajectory in Fig. 2), the drone takes advantage of the
presence of the surface, preferring to slide over it to reach
the goal state in a more energy efficient way. This behavior
is also confirmed by the thrust and distance plots in Fig. 2.

Finally, the contact force is reported in Fig. 2. As it can be
seen from the figure, there is a spike in the contact force due
to the robot that comes into contact with the surface. Notably,
this abrupt behavior is not reflected in the thrust profiles,
which remain relatively smooth despite the occurrence of
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Fig. 2. Simulation results for the quadrotor tasked with reaching a desired goal state xg on a frictionless surface. In particular, the x− y robot trajectory
is depicted, where the initial robot position is represented in transparency while its final configuration in solid. Furthermore, the distance to the surface,
the contact force, and the left/right thrusts (inputs u1 and u2, respectively) of the drone are shown. Two distinct cases are shown: the blue one favors the
energy term in (13) while the orange one priorities the minimization of the position error, resulting in a greedier trajectory toward the goal.

contact. This can be reasonably attributed to the predictive
nature of the MPC controller, which anticipates the impact
moment and adjusts the thrust accordingly, resulting in
smoother control inputs.

B. Case study 2: quadrotor interacting with a cable-
suspended payload

In the second scenario, the quadrotor should lift a payload
that is connected to the drone through an unstreatchable and
massless cable. The parameters are shown in Table II and
the simulation results are reported in Fig. 3.

Initially, the payload lies on the ground (black rectangle
in Fig. 3) and the cable is slack (the initial configuration is
in transparency in Fig. 3 with the cable in purple). The goal
is to move the payload from its initial position to a desired
location (represented with a black dot in the figure). For
doing that, the drone should lift the payload making the cable
taut. Fig. 3 reports the evolution of the propellers’ thrust, the
remaining slack length of the cable, and the resulting tension
force. As shown, the drone increases its altitude until the
cable becomes taut at approximately 0.3 s, marked by a sharp
increase in the tension force, thereby lifting the payload and
reaching the desired state.

V. CONCLUSIONS

In this work, we proposed a modeling approach – based on
the linear complementarity formulation – for aerial vehicles
where an interaction force occurs. We then designed an MPC
framework to perform online optimization of the aerial robot
trajectory, solving the finite horizon optimal control problem
using the iLQR method. We validated our approach for two
case studies: (i) a quadrotor that should land on a surface,
requiring to make contact with it; and (ii) a quadrotor that
should lift a cable-suspanded payload, switching from a slack

TABLE II
SIMULATION PARAMETERS FOR THE SCENARIO WHERE A QUADROTOR

MUST LIFT A CABLE-SUSPENDED PAYLOAD UP TO A DESIRED STATE xg .
THE MPC STATE IS: x = [xr, yr, θr, xp, yp, ẋr, ẏr, θ̇r, ẋp, ẏp]T .

Quadrotor

mr 1 kg
Ir 11.7 · 10−3 kg ·m2

dr 0.1m

Payload
mp 0.1 kg

Cable

Lp 1m

Simulation

∆t 0.01 s
N 100

Cost function J

Q diag(100, 100, 10, 1000, 100, 1, 1, 1, 1, 1)
R diag(0.1, 0.1)
QT diag(1000, 1000, 100, 1000, 1000, 1, 1, 1, 1, 1)

Initial State x0

Quadrotor
xr,0 = −0.2m, yr,0 = 0.4m, θr,0 = 0.0 rad

ẋr,0 = 0.0m/s, ẏr,0 = 0.0m/s, θ̇r,0 = 0.0 rad/s

Payload
xp,0 = 0.0m, yp,0 = 0.0m

ẋp,0 = 0.0m/s, ẏp,0 = 0.0m/s

Final Desired State xg

Quadrotor
xr,g = 0.0m, yr,g = 1.2m, θr,g = 0.0 rad

ẋr,g = 0.0m/s, ẏr,g = 0.0m/s, θ̇r,g = 0.0 rad/s

Payload
xp,g = 0.0m, yp,g = 0.2m

ẋp,g = 0.0m/s, ẏp,g = 0.0m/s

to a taut cable conditions. The simulations confirmed the
validity of our approach. Future work will focus on extending
the proposed framework to account for frictional surfaces
by considering the tangential components of the contact
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Fig. 3. Simulation results for the quadrotor tasked with lifting a cable-suspended mass up to a desired goal state. In particular, the x− y robot and mass
trajectories are depicted, where the purple line represents the cable and the initial configuration of the system is represented in transparency. Furthermore,
the tension force, and the remaining length of the cable before it becomes taut are shown, together with the left/right thrusts (inputs) of the drone.

force. Additionally, the formulation will be expanded to
include flexible or deformable cables. Finally, the proposed
methodology will be experimentally validated on real drones.
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