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Abstract—This article proposes a Model Predictive Non-Sliding
Manipulation (MPNSM) control approach to safely transport
an object on a tray-like end-effector of a robotic manipulator.
For the considered non-prehensile transportation task to succeed,
both non-sliding manipulation and the robotic system constraints
must always be satisfied. To tackle this problem, we devise
a model predictive controller enforcing sticking contacts, i.e.,
preventing sliding between the object and the tray, and assuring
that physical limits such as extreme joint positions, velocities,
and input torques are never exceeded. The combined dynamic
model of the physical system, comprising the manipulator and
the object in contact, is derived in a compact form. The
associated non-sliding manipulation constraint is formulated such
that the parametrized contact forces belong to a conservatively
approximated friction cone space. This constraint is enforced
by the proposed MPNSM controller, formulated as an optimal
control problem that optimises the objective of tracking the
desired trajectory while always satisfying both manipulation and
robotic system constraints. We validate our approach by show-
ing extensive dynamic simulations using a torque-controlled 7-
degree-of-freedom (DoF) KUKA LBR IIWA robotic manipulator.
Finally, demonstrative results from real experiments conducted
on a 21-DoF humanoid robetic platform are shown.

I. INTRODUCTION

Service robots are developed to assist human beings in
performing tasks that are typically dull, dangerous, or repet-
itive. To date, they have been realized in different forms
and structures and employed in various applications ranging
from household and personal assistance to industrial collabora-
tion [1], [2]. These robots usually operate semi-autonomously
in human-centered environments and must satisfy multiple
requirements. One of them consists in exhibiting compliant
human-like manipulation skills. However, most robotic sys-
tems nowadays are still missing this essential feature and are
equipped with simple, prehensile grippers, which are used to
pick, and only limitedly manipulate, a relatively narrow variety
of objects. The main problem of this solution is assuring
that the grasp holds all the time, which requires it to resist
all the forces that could reasonably act on the object during
the manipulation tasks, without causing too high internal
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Fig. 1. Illustration of the main problem addressed in this paper: a robotic
manipulator (blue) has to transport an object (black cube) along a desired
trajectory (dashed grey) on a tray-like end-effector (orange/white) while guar-
anteeing a sticking behaviour, i.e. satisfying both non-prehensile manipulation
(i.e., friction cones) and robotic system constraints such as joint limits,
maximum torques, etc.

stresses [3], [4]. When this cannot be guaranteed, e.g., due to
external interactions or highly dynamic movements, the object
is likely to slip and fall from the fingers.

To extend the set of manipulative actions, manipulate ob-
jects of different size and shape, exhibit bigger operative
workspace, and enhance the dexterity in dynamic tasks, non-
prehensile robotic manipulation has recently emerged as a
valid alternative to grasping manipulation [5]. Non-prehensile
manipulation circumvent the problem of grasping and retain-
ing an object by realizing manipulative actions that jointly
exploiting frictional, gravity, and inertial forces such as push-
ing, throwing, and striking, which humans commonly employ
to carry out everyday manipulation tasks. The success of non-
prehensile manipulation has already been demonstrated along
with several applications, mainly in industrial-like settings,
for instance to re-orient parts on a planar surface [6]. The
main advantage resides in using simpler robotic end-effectors,
purposely designed to robustly perform manipulation tasks
with a wider variety of objects. However, this comes at the
expense of developing and endowing robots with control
methods that rely on accurate and reliable models of the
mechanics involved. For this reason, to date few robots have
been shown capable of non-prehensile manipulation skills
which, in principle, would enable them to perform a broader
range of dexterous manipulation tasks, the simplest one being
transporting an object along a trajectory.

In this paper, we consider the problem of non-prehensile
transportation of an object along a desired trajectory using a
tray-like end-effector. In the considered setting, it is in general



not possible to prevent any induced motion of the object
relative to the hand. The goal is to satisfy both manipulation
and robotic system constraints along the performed trajectory,
i.e., preventing the object to slide and fall. Solving this
problem would enable service robots to perform dexterous,
waiter-like object transportation tasks, which can be exploited
to, e.g., serve lunch on a tray to patients in a hospital. A
robotic manipulation system composed of a serial robotic
arm endowed with a tray-like end-effector is used to carry
out the considered task (see Fig. 1). Such a system exhibits
several robotic system constraints (such as limited range of
joint motion, maximum feasible torques, etc.) that must always
be satisfied together with non-sliding manipulation constraints
(i.e., friction cones) that prevent sliding of the object and, thus,
task failures. From a technical viewpoint, carrying a payload
modifies the robot’s dynamics which, in turn, must not only
counteract but also opportunely regulate its motion to prevent
sliding and avoid violating robotic system constraints.

Thus, we propose a Model Predictive Non-Sliding Manipu-
lation (MPNSM) control architecture for a robot arm transport-
ing an object on a tray-like end-effector in a non-prehensile
configuration. Our MPNSM controller allows the realization
of the considered task encoded as a desired trajectory which
must be tracked while taking into account both manipulation
and inherent robot constraints in a unified and principled way.
This is mainly achieved by realizing contact forces between the
hand and the object that satisfy friction cone constraints, thus
enforcing a non-sliding behaviour. In addition, to guarantee
a continuous execution of the task, we consider the rate-of-
change of the joint torques as output of our controller (in
literature, this is referred to as jerk control [7]) which, once
integrated over time, returns the overall input of our robotic
system. This procedure makes the obtained joint torque profile
(and thus the system accelerations) continuous and allows
integrating force signals stemming from the interaction as
feedback into the controller [8]. We derive and incorporate the
combined system (manipulator and object) dynamical model
and its related constraints into a nonlinear model predictive
control problem [9]. Its solution returns the optimal control
inputs relying on the most recent measurement/estimation of
the system’s state and accounting for its evolution over a future
time horizon. This is the first work addressing the tray-based
non-sliding manipulation problem from this perspective to the
authors’ knowledge.

II. RELATED WORKS

When a robot does not firmly hold an object, there exist
motions induced by inertial or external forces that can not
always be inhibited [10]. In that case, known as non-prehensile
grasp, the object can still be manipulate typically employing
a sequence of non-prehensile manipulation primitives [5],
[11]. These include throwing [12], catching [13], batting [14],
pushing [15], rolling [16], among others. We restrict the
overview of related works to the so-called non-sliding non-
prehensile manipulation primitive (sometimes also denoted as
dynamic grasping [17]) which aims to immobilise the object
to the end-effector (as it was firmly grasped) by exploiting the

combined action of inertial, gravity, and frictional forces. This
is complementary to the sliding non-prehensile manipulation
primitive, which aims to realize controlled object motions by
exploiting the same system of forces [18], [19]. In the past,
several methodologies were devised for robots equipped with
flat palm end-effectors to carry out non-prehensile manipu-
lation tasks [20], [21]. In the following, a few examples are
reported.

A motion planning framework that explicitly considers
reaction and friction forces as kino-dynamic constraints for the
non-prehensile transportation of a bottle is proposed in [22]. A
task priority control scheme featuring sliding mode and admit-
tance control for human-robot collaborative transportation of
an object on a tray is designed in [23]: a human operator guides
a 7-degree-of-freedom (DoF) robot arm through a force sensor
located at the robot tool. A method to change the inclination
of the tray when the object is rotating around an edge based
on the computation of the zero-moment-point of the object,
modelled as an inverted pendulum, is proposed in [24] for
a waiter humanoid robot that transports objects on a tray.
A framework that offline evaluates and eventually re-plans a
trajectory based on the occurrence of slippage due to inertial
forces that occur on a grasped object during highly dynamic
robot tasks is presented in [25]. A shared-control teleoperation
architecture exploiting similar concepts has been designed to
safely transport an object placed on a tray-like end-effector
preventing its sliding in [26].

Several recent papers have focused instead on the problem
of executing robotic manipulation and, in general, interaction
tasks using MPC. To date, the common trend is to integrate
contact forces tracking as an objective and feed back their mea-
sure in the controller [8]. For instance, a whole-body MPC for
dynamically stabilising a mobile manipulator while executing
end-effector pose tracking tasks while skillfully planning for
end-effector contact forces is devised in [27]. The controller
directly computes the actuation torques and the forces exerted
on the environment. However, since the authors do not model
the environment, the interaction task is accomplished as a
force regulation problem, and it is successful only under the
circumstance that the environment impedance is underesti-
mated. A MPC strategy that is aware of its environment and
can plan whole-body motion for a mobile manipulator while
avoiding collisions is proposed in [28]. Through task-space
admittance control, it can track any desired interaction forces
and torques. System identification and an adaptive control
method extend the MPC formulation presented in [27] to
deal with mobile manipulation tasks in unknown environments
in [29]. The employed modelling strategy was derived under
the assumption that the environment can be described by
a linear mass-spring-damper system rigidly attached to the
robot. In the context of non-prehensile manipulation, model
predictive control (MPC) has been used to perform pushing
tasks requiring different levels of accuracy [30].

However, none of the above works has jointly considered the
robotic system and the manipulation constraints in a unified
model predictive non-sliding control approach to perform non-
prehensile object transportation tasks.



A. Contributions

To fill the above-mentioned gap in the literature, this paper
introduces an MPNSM control approach to perform non-
prehensile object transportation tasks while jointly satisfying
manipulation and robotic system constraints. In the following,
the main technical contributions of this work with respect to
the previous literature are summarized.

In our previous work on the topic ([26]), an optimization-
based architecture for transporting an object on a tray
was preliminarily introduced. However, only manipula-
tion constraints were formulated and included in the main
optimization problem. The controller may thus require
inputs that actuators cannot provide and/or the robotic
system may exceed its extreme physical limits. In this
work, we address this problem, extending our previous
architecture by integrating robotic system constraints and
receding horizon control capabilities.

The work [7] uses the time derivative of input torques
to control a humanoid robot at the jerk level. Building
upon this approach, our work proposes and extensively
validates the use of jerk control within a MPC framework
for non-prehensile object manipulation tasks.

We derived analytical models for the computation of
(parametrized) contact forces and their time evolution
under mild assumptions. These are used within the system
dynamics constraint of the devised model predictive non-
sliding manipulation control approach. Besides this, we
mathematically proved the absence of internal force terms
within non-prehensile manipulation setup, such as the one
considered in this paper.

Finally, we release the simulation code used to demon-
strate the performance of the devised controller to the
community for a possible future benchmark.

III. SYSTEM MODELING

In this section, the system and the contact models, which
will be employed to implement the devised controller in
Sec. V, are introduced. The combined manipulator-object
dynamic model is derived in a compact form in Sec. III-A
while contact models and the parametrization of the contact
forces are dealt with in Sec. III-B.

A. Combined manipulator-object dynamics

Let us consider a serial robot manipulator whose state can
be uniquely described through the pair (q;q) with ¢ 2 R"
being the vector of generalised coordinates (n denotes the
joints number) and q 2 R" its time derivative (joint velocities).
The dynamics of the manipulator can be expressed by the
following equation of motion

Mm (@) d+Cm(0;0)q+nm(q) = ext; (1)

where Mm (q) 2 R™ " is the symmetric positive-definite
robot joint-space inertia matrix, Cm (q; @) 2 R™ " is the ma-
trix of centrifugal/Coriolis terms, Ny (q) 2 R™ is the gravity
vector, 2 R" is the vector of joint torques (representing the
overall control input of the robotic system), and ext 2 R"™ is

the joint torque vector corresponding to an external load. In
the envisioned scenario, the external load is attributable to the
presence of an object to be transported, which is in contact
with the robot’s end-effector. The object is assumed to be a
rigid body whose dynamics can be expressed as

Mo (Xo) V + Co (Xo; V)V + g (Xo) = Fo; 2)

where X, = (p; ) is the object pose composed by the position
p 2 R3 and parametrized orientation 2 R or R* (e.g., ZYX
Euler angles, unit quaternion, etc.), Mo (Xo) 2 R® © is the
object positive-definite mass/inertia matrix, C, (q; q) 2 R® ©
is the matrix of centrifugal/Coriolis terms, Ny (q) 2 R® is the
gravity vector, V.= (v; 1) 2 R® is the object twist, with
v 2 R3, 1 2 R3 expressing its linear and angular velocities,
respectively; and Fo = (fo; o) 2 RS is the object wrench,
with fy; o 2 R® force and torque vectors, respectively, all
specified with respect to the body reference frame fOg whose
origin is placed at the object’s center of mass.

As long as the contact between the object and the tray is
maintained', the body wrench F, can be transformed into the
corresponding manipulator torques ex¢ through the equation

ext = Jg (0) Fo; 3)

where J, 2 R® " is the object geometric Jacobian matrix [31].
When the same condition holds, the object parametrized pose
can be retrieved from joint values using the forward kinematic
function, i.e., Xo = (q). Substituting (2) and (3) into (1), and
using the following differential kinematics equations

\ =Jo(q)q;
V=3 ()q+Io(q;9);

leads to the following combined manipulator-object dynamic
model

“4)

M(@q+C(g;9a+nR(@9 = ; 5

where M 2 R® © is the symmetric and positive-definite
mass/inertia matrix, C 2 R® 6 the Coriolis-centrifugal matrix
and A 2 RS the gravitational force of the combined system
that can be written as follows (dropping their arguments)

M = My + Jd MoJdo;
C=Cm+J; Colo+Mols ; (6)
A= Nm+Jg No:

As stated above, on the right-hand side of (5) represents
the vector of joint torques that are the overall control input
of the robotic system manipulating the object. However, as
contributes to the realization of the object body wrench F,
through contact forces transmitted to the object (as shown
later), its choice must respect manipulation constraints that
prevent the object from sliding. Moreover, —must also be
chosen to satisfy the inherent robotic system constraints, i.e.,
it must lay within a specific range and generate the evolution
of the manipulator states that is compatible with the allowable
joint range of motion/velocity. Thus, the primary objective of

't is worth noting that this is not an assumption: it is instead a condition
that will later be formulated as a constraint and enforced by the devised
optimization-based model predictive controller.
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Fig. 2. Drawing of the object body wrendh, = (fo; o), i th contact L ) o ) .
force f¢, and friction cone (shaded greemy., is the vector de ning the Fig. 3. Approximation qf cwcu!ar fI"ICtIOﬂ cones (in shaded green) with
i th contact position in the body franfeg . polyhedral cones (black lines) with different number of edges

this work is to nd that satis es both robotic system and non&Xxerted at the object's center of mass (see Fig. 2). The matrices

sliding manipulation constraints, which are better described ifvolved in the calculation o& in (7) can be expressed as [33]
the following sections. R 0
0;Cj

It is worth noting that, inverting (3), the combined dynamic Ad;o-cl = PocRuo Roc Bei = :)3 5. (9

model (5) can be alternatively derived in the object coor- - e ree 33

dinates, where manipulation constraints (see later) are meygere p,., 2 so3) denotes the skew-symmetric matrix

easily handled. However, the approach followed here allowgsociated with the vectgy,, 2 R® (i.e., the position of

to more conveniently treat the robotic system's physical limitpei th contact point expressed f@g).

as state constraints and directly calculate the overall system'sthe non-sliding manipulation constraint coincides with

control inputs, i.e., the manipulator torques. the contact forces belonging to thigiction cone space.
This means that, in thé th contact, the three components
fex: foy: fo oz Of the contact force, 2 R® must satisfy

B. Contact model and contact forces parametrization the constraint
Let us consider the model of the object dynamics in (2). q 2 412 ; ) ‘ o 9
The object body wrenclF, can be realized by opportunely Gi X cizy Ciizs Giiz ' ©)

generating contact forcds. between the object and its ma- . o .
) C ; . where > 0 is the static friction cone coef cient, assumed
nipulandum. Before explicitly de nind-¢, we must introduce

some modelling assumptions. We assume that the ob'ectzgsbe known and uniform for all the contacts. Whenever the
9 P : JeEShstraint (9) is satis ed for all the contaétthe object can

shape and _dynam|cal properties are known and c0|nC|d%rtg[ manipulated, that is, it is transported along the desired
with a cuboid of known material. Moreover, we assume th?r j

the overall contact surface between the cuboid object ana_recm? whlleh_preventmg |t_frorr1]1 sliding Itl)n the_ tray. .
the tray can be approximated by discretizing it, i.e., usin% o en °rc‘?t IS constraint in the controller, it is convenlen_t
a nite number of n; contact points located in the vertex % parametrize the contact forces and make the constraint
of the object in contact (thusi. = 4 in the considered Inéar in Fhe chosen parqmeter;. Th'S.C‘?‘” be achieved by
case). The th contact point is thus identi ed by a contact;glr;sheer:j’?g:eg;gn:f;rec:jxga;mlﬂt:ﬁngrl;ezc,i:oor; u?woitn\elzegzrsa
frame fCig whose pose is known and expressed@y by T 1"\Ci « 2 R3. Whenk = 4, the circular friction cone

Goici = (Poici s Roe;) 2 SEQ3). . . ) X ; i
The tray/object interaction behaviour can be described intr|s_conservat|vely approximated by an inscribed pyramid [33]

: : nyway, to relax the conservativeness of this approach, tighter
ducing a suitable contact model. In general, the set of wrenche . . . .
. . . approximations of the circular cone can be obtained using
that can be transmitted across theth contact is described S . ;
: 6 m more edges, i.e., increasihkg(see Fig. 3).
by a wrench basiBg; 2 R ™, wherem; denotes the The procedure for the calculation of the friction cone edge
dimension of the generalized forces at the contBgf. maps pr ure for uatl et ges

the components of the contact forces, which are transmissiE)% a generick is given by

through the contact point, into thé-dm_’ne.nsmnal wrench ', i = R.(2j=k )Ry ()2 (10)

space. Assuming @oint contact with frictionmodel [32],

only the linear forced ci 2 R® can be transmitted thrOUghwhere = arctan and it denotes the pyram|d (Or Cone)

thei th contact, thusn; = 3. The body wrench, can thus semj-aperture angle. However, it is worth noting that the size,

be expressed as and thus the computational burden, of the optimal controller
h i presented later will increase with With this choice,F. can

Fo=GFe; G= Ady: Beaii 5iAd;0;c1nc Bene 5 (7)  be conveniently parametrized, i.e., it can be written as
whereG 2 R® 3"¢ usually referred to agrasp matrixin the Fe=Fe i = o1l gk 2 REe (11)

robotic grasping literature, maps the stacked vector of contact

forcesF. = [chl; D ;chnc I" 2 R3¢ to the body wrenchF, 2Note that this is a conservative condition we use throughout the paper.



where _ in principle, other solutions can potentially be considered. For

h [ ; ;
B = diag oo Pon, P = TR N instance, the solution
(12) Fc= GYFo+ PFeo (16)
is the matrix describing the friction cone space geometry, @gereP = PT 2 R3nc 3nc 0 is the projector onto the
its columns contain the vectors of the friction cone edgmll-space ofG, i.e., GP = 0, andF., is a generic vector,
as calculated in (10), while denotes the vector of contactalso satis es (7). It can easily be shown that this solution can
force parameters, that constitute the components along Heobtained by modifying the cost function in the previously-
friction cone borders. At this point, foF. to belong to the introduced optimization problem (14).
approximated friction cone space, it is suf cient to choose  In the following, we show that contact forces components
o giz1 - ) lying in the null-space of the matrixc must not be con-
i ; i=1;:::kng; a3y ) . .
sidered since they are representative of internal forces that
meaning that~; must be a non-negative linear combinatioffeasible contact points displacements can not generate in non-
of the friction cone boundaries through the vector of the c@rehensile manipulation settings. Indeed, for contact forces to
ef cients . This constraint will be enforced by the controllebe realised, contact points displacements should be generated
described in the following sections. through the manipulator's actuation system according to the
following relation
IV. CONTACT FORCES ANDPARAMETERS COMPUTATION Fe.=KJ (9 q: (17)

The_ guantity that more effectively descrlbe_s the interacti here the contact points Jacobian matdg) 2 R
state is the contact force. However, measuring forces at

. . fates the contact point velocities to actuators' velocities,
contact is generally complex, especially for extended contact ' " _ J(g)g andK 2 R¥= 3 is a diagonal positive
: ) . : B,V = -

traint tioned lier. in thi . introd nite matrix, that plays the role of a stiffness and relates
constraints mentioned eartier, In this section, we Itrodueg .- ¢ point displacements to contact forces variation, i.e.,

the contact force (and the related parameters) calculatk#n = K p. (see [34] for further details). This shows that
procedure used throughouit this work. all the contact forces that can be generated/controlled by the
contact points displacements are in the range space of the

A. Contact forces computation J(q) matrix. Neglecting for the moment the presence of the
Considering (7), for a giverr, (usually directly or indi- manipulator, i.e., considering that our tray can be actuated

rectly measurable), the considered system of equations miggtlinear and rotational rigid body displacements in the

be solved forF. to retrieve contact forces. The expressiofartesian space, we can constrd¢t) = J geometrically as

in (7) denotes a system of 6 equationsiin  n. unknowns. the following constant mé';ltrix (see Fig. 2) 3

In the considered case( = 3 n; = 4), the solution in terms .

of F; is thus indeterminate. Anyway, it is possible to solve and : :

derive an expression féi;, solving the following optimization J@=J= §R0:Ci Po:c, RO;Cé :

problem : :

min  kFck? (14a) The fact that) is constant is a consequence that the tray can
Fe o only undergo rigid body motions. Consequently, the set of
st GFc = Fo: (14b)  contact points can only rigidly translate and rotate in space but

Solving (14) allows nding, among many, the solution vectoPOt “deform” (i.e. they cannot modify their relative distances).
having the minimum two-norm. It is worth to note that th&considering now the product between columns of the null-
constraint (13), which accounts for the contact forces feasibiPace projectoP andJ, that appears substituting (17) in the
ity, is not considered in (14). When the constraint (13) is n§€cond term on the right hand side of (16), and observing that
binding, it is possible to ignore it and derive a closed-formh = G', we get

solution forF. applying the method of Lagrange multipliers. PTJ=PTG" = O;

This | . . . . . .
s leads to where O is the null matrix of appropriate dimensions. This

result shows that no contact forces lying in the null-space of
where y denotes the Moore—Penrose inverse operator, thlhé G matrix can be generated/actuated by the tray/contact
constitutes the minimum two-norm result of the contact forcgmints displacements. Alternatively, one may observe that
vector F.. Of course, as previously stated, this calculatiooolumns of the null space projectBrare linearly independent
procedure generates valid results as long as the objectfram the columns of]. Contrarily, the termGYF, is the
stationary to the tray, i.eF¢ belongs to the friction cone spacesole component of the solution that is in the range space of
that, in turn, means (13) is satis ed. Indeed, contact forces thht i.e. such that rankJjGYF,]) = rankJ) = 6, denoting
do not belong to the friction cone space, i.e. lead to at leabkat it is the only one that can be theoretically generated. It
one ; < 0, are impossible to be physically realized. is worth remarking that the practical realization of contact
However, from the mathematical point of view, (15) is notorces depends on the satisfaction of the frictional constraints,
the unique solution of the original system of equations in (7)e., (13) needs to be satis ed.

Fc = G'Fy; (15)



B. Contact forces parameters computation andu the control input, the underlying discrete-time optimal

Substituting (11) into (14) allows solving for directly and control problem we aim to solve has the following form

enforcing the non-sliding condition (13). In the considered K 1
case, the expressiof, = GF. constitutes a system & min - kx, Xekd, + KXy Xz k§, + kuikj,
equations irk n¢ unknowns, and the solution in terms ofis ' i=0
again indeterminate in the considered cdse @ andn. = 4). (20a)
Following similar arguments, it is possible to solve and derive s.t. Xp = X(0) (20b)
an elxpresslion forr,] sogling a;c;wq—nok:m mini_misation problem Xie1 = Fr(Xiiup) (20c)
analogously to what done fd¥; in the previous section X X X (20d)

min  k K (18a) u u u (20e)

st. GF. = Fo; (18b) with N 2 R indicating the steps of the prediction horizon

.o 8i=1::::kng (18c) and where the function (20a) denotes a least square cost

function to be minimised, composed of two weighted two-
where (13) has been introduced in (18c). When the conerms: the state difference from the desired valyesand
straint (18c) is not binding, a closed-form solution can béde inputu. Here,kvka = vT Av is the quadratic form with
derived applying the method of Lagrange multipliers and, aftar suitable weighting matrix, whil®;; Q. 2 R"x R™

exploiting (15), it can be written as follows and R; 2 R" R" denote the diagonal entries of the
y corresponding positive semi-de nite weight matrices.
= GF. F, (19) To account for the contact state of the object/tray interaction,

we opted for de ning anextended system statecluding,
where y denotes the Moore—Penrose inverse operator apesides the proper staigandg, the manipulator input torques
is used to minimize the two-norm of the contact forcesand the contact force coef cients. In this way, we can more
coef cients. It is worth remarking that our goal is to enforceeasily feedback both the manipulator torques and the contact
the constraint in (13), while acting on the manipulator torquerces into the controller via (20b). Our extended state vector

control inputs, and (19) is essential to derive the relatiahus reads agx = T:q";q'; T '. With this choice, we
between these two quantities. The expression (19), andincrease the relative degree of our system dynamics and choose
particular its time derivative, tells us how the contact forcess a control inputi = _. This is convenient since it gives rise

parameters vary when the object wrench varies, and itisany case to a continuous torque pro le, which constitutes
included in the dynamics constraint of our MPNSM controllethe real input to our robotic system. The matfxin (20)
which is introduced in the following sections. can thus be partitioned intQ , Qq, Qq, Q of opportune
As mentioned aboveé;, can usually be directly or indirectly dimensions, where the gene@ block corresponding to the
measured by a force/torque (F/T) sensor. However, in torquelated quantity.
controlled manipulators, under the assumption of fast motorlt is worth mentioning that our ultimate goal is to transport
dynamics, a more practical way to obtaif,, to be used the object to the target pose following the desired trajectory
in (19), is to use the commanded torquesto obtain \L (see Fig. 1), i.e., we aim to realize, = X,(t) andx, =
using (4), whereg can be obtained through (1) using thex,(t), wherex,(t); x,(t) are the desired object states, while
measured ¢y . Most recent manipulators are indeed equippeshtisfying both non-sliding manipulation and robotic system
with external torque sensing. In both ways, body force (recocenstraints. From this, we can calculate the reference values
structed) measurements and the contact forces computed ffomthe extended state , in particularg,; g, using an a stan-
them are feedback to the controller that uses these to comptied inverse kinematics routine, under the assumption that the
the subsequent optimal control inputs. object is rigidly attached to the manipulator. For this we used
the closed-loop inverse kinematic (CLIK) algorithm, i.e., a
Jacobian pseudo-inverse-based Newton-Raphson method [35].
With the state/input choice made, the continuous-time dy-
namic evolution of the extended state, which is ultimately used
In this section, we derive the optimization-based MPNSHa (20c), can be thus written as
controller leveraging the nonlinear model predictive control
approach. In general, this approach aims to nd the optimal
sequence of control inputs and the corresponding state tra-
jectory over the nite-length prediction horizon, subject to x=1f(xu)=
constraints on the state trajectory and the control inputs. Model
predictive controllers account for the model of the system to
be controllled a}nd nd a solut.ion starting from the current statgnare the matrices, B, andC write as follows
on each iteration. The rst timestep of the computed control
trajectory is applied before the controller runs again, and nevA = MoJM 1, B = MM 1, C= 2M dM 1w
control inputs are computed. Denoting witlthe system state (22)

V. MODEL PREDICTIVE NON-SLIDING MANIPULATION
CONTROL
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robotic system that consists of a 7-DoF KUKA LBR 1WA
manipulator equipped with a purposely designed tray-like end-
effector and a cube-shaped object (see Fig. 4). The object
of dimension40 40 40 mm is placed in contact with
the top of the tray attached to the manipulator ange. In
order to keep the simulation setup as realistic as possible,
we assign the dynamic properties of the KUKA LBR WA
manipulator within the simulation environment, corresponding
to those identi ed for the real robotic manipulator [36]. The
properties associated with the object have been chosen as
follows: massm, = 0:5 kg and diagonal inertial matrix,
Fig. 4. Dynamic simulation scenario: a torque-controlled robotic manipulat!)p = diag1le 4) kng12. However, our controller is conceived
(orange) has to transport an object (red cube) along a desired trajectfdy the non-prehensile transportation of a cuboid object with
(black) on a tray-like end-effector (dark grey) while guaranteeing S.“Ckir%eneral dynamic parameters using a robotic manipulator. The
behavior, i.e. satisfying both (non-sliding) non-prehensile manipulation al . .. .
robotic system constraints such as joint limits, maximum torques, etc. oulomb static friction coef cient between the tray and the
object was chosen as = 0:5. During the simulations, we
placed the object ax = 0:04 m, y = 0:05 m from the
The equations in (21) describe the dynamic evolution @enter of the tray.
the combined manipulator-object system and of parametrizedrhe desired trajectory for the state of the object,
contact forces between them. It is worth mentioning that the (t); x(t), is obtained using a quintic polynomial with
expression for— has been retrieved by differentiating (19)rest-to-rest object velocity and acceleration. The beginning
substituting (2) and (5), under the assumptions that all th¢ the desired trajectory coincides with the initial posi-
matrices entering the dynamic model hold constant over then of the object's geometric center, that &(0) =
time horizon. 059 0:31 052 m in the robot base frame. Unless
As for the constraints, (20b) denotes the feedback temgherwise stated, the desired trajectory completion time is set
read from the system at each time step. Note that while the = 1.5 5 and the nal desired position of the object is
measure ofq; q; is readily available in torque-controlledpo(T) = 059 031 052" m.The object is, thus, required
manipulators, the measure of or Fc must be retrieved 4 cqyer a distance @2 cm along they-axis of the robot base
indirectly from the measure df, (which can be conveniently 5 me During the simulation, the manipulator is controlled
measured through a F/T sensor installed at the end-effector,pfihe joint torque level to track the desired trajectory. The
the manipulator) and using (19). The constraint on the syste@fytion of the problem in (20) (i.e., the time rate of change
dynamics (20c) is constructed discretizing (21). We denofg the joint torques) is used to obtain the required updated
with @ = (u;:5i6h), 4= (9;5::550), = (153750 n)y torque at each simulation stépaccording to the following
= ( 1;:1% ngk) the lower bounds on joint pos't'ons-update rule
joint velocities, joint torques, and contact force coef cients, = it ot (23)
= (1;:tyn), and = ( 1;::5; n.k) denote the with t being the control loop cycle time. In the MPNSM
upper bounds on the respective quantities. Thus, in (20dpntroller, we close the feedback loop of the joint values,
x = (q;q;; ) T andx = (q;q;; ) " represent the lower joint velocities, joint torques and contact forces by reading the
and the upper bounds on the extended system states. Thag@e extended system state from the simulation environment.
include both the physical bounds of the robotic system amgdis worth noting that the contact forces cannot be directly
the non-sliding manipulation constraints. Similarly, the cormeasured in the real case instead. In the next section, we will
trol inputs to the system are bounded with lower boundetrieve them by plugging the reading of the body wrench

u = (ug;:::;un)", and upper boundy = (ug;:ii;us)T, measurements into (19).
which are free to be chosen. The controller has been implemented usaados [37]
which is a high-performance software package for non-
V1. DYNAMIC SIMULATION SETUP linear optimization problems. The package inherently uses

The proposed controller is implemented in C++ using tHe@SADI [38] to formulate nonlinear functions as a front
ROS middleware. The simulations are performed using t§&d. The controller was rst implemented MATLAB which

physics-based Gazebo dynamic simulator. We consideredV@S later used to generate the C/C++ code library of our
optimal control problem (OCP). The generated library was

TABLE |
SIMULATION MPNSM CONTROL PARAMETERS TABLE Il
Parameter Value Parameter Value SIMULATED ROBOTIC SYSTEM JOINT LIMITS.
Q le Z Qe le 3Q Joint # 1 2 3 4 5 6 7
Qq 1e’ R le 4 q [deg] 170 120 170 120 170 120 170

Qq 1e® Mo 0:5 g [deg/s] 98 98 100 98 140 180 180
Q 1 | le 4 [Nm] 176 176 110 110 110 40 40




then included within our software framework written in C++.
We used the Sequential Quadratic Programming (SQP) ap-
proach, where the quadratic programs (QPs) resulting from
the approximation of the nonlinear model predictive con-
trol (NMPC) problem (20) are solved sequentially to obtain
Newton directions leading to the solution starting from the
provided guess. To obtain faster convergence of the NMPC
problem, we relied on the real-time iteration (RTI) scheme
of the SQP method [39]. The RTI scheme exploits the fact
that the OCPs obtained at two consecutive time instants are
closely related, and thus it performs only one complete Newton
step per sampling time. In order to provide a reasonable
guess at time instarit we employ a warm-started SQP that
utilizes the shifted solution obtained at time instant 1.

We further use the condensing approach to solve the resulting
QPs by reducing the variable space of a QP and forwarding

simulation of the system dynamics. The resulting QP Supi_. 5. Validation of the contact forces calculation procedure: comparison

problem can be solved much fa"SIer USing' dense gener&?ﬁ/veen calculated (continuous line) and measured (dashed line) contact force
purpose QP solvers. We perfoppartial condensingf the QP components for each contact poir X along aL = 0:62 m long linear

before calling the solver [40].This exploits the structure of thigdectory performed i =1:5 s.
QP resulting from the reformulation of an NMPC problem.

After the implementation of the controller usiagados , with

an NMPC horizon lengtiN = 10, the solver take$:4 ms on

an averagel(3 ms standard deviation) to solve one step of the

problem on a Intel(R) Core(TM) i7-9750H CPU @ 2.60GHz.

The simulation cycle time is then set foms, using the pre-

vious time step solution if the computation takes longer. The

simulation code can be downloaded from the following link:
https://github.com/prisma-lab/nonprehensile-object-transp

VIl. DYNAMIC SIMULATION RESULTS

In this section, we present the dynamic simulation re-
sults obtained using our MPNSM control approach for non-
prehensile object transportation tasks.

A. Validation of the contact forces calculation procedure
I’E@ 6. Evaluation of the contact forces calculation procedure tracking

In this subsection, we present the validation of contact fo i

, . . . performance: trend of the mean (black squares) and max (grey dots) norm
calculation procedure introduced in Section IV. We compare# ihe instantaneous error vector for each contact pairjt #long a linear
the forces calculated from the readings of the body wrenthiectory with variable length. performed inT =1:5s.
F, using (15) and the one directly extracted from the Gazebo
dynamic simulation environment. This is possible since, in the
simulation environment (as also considered in our model), th®sely follow the measured ones with a maximum discrepancy
contact surface is discretized with = 4 contact points, and of less than0:1 N, which can be attributed to the different
the friction cone is approximated with a pyramid. Accordingalculation procedures. This result validates our contact force
to the simulator documentation, the default Open Dynam@@lculation routine, which can now be effectively used in a
Engine (ODE) internal solver calculates the contact forc@sactical case where direct contact force measurement is not
using the quick step method that relies upon an iteratiy®ssible. In the following sections, we show that our approach
Projected Gauss-Seidel procedure whose accuracy depend#oiks robustly in simulated/real setups using body wrench
the number of iterations set. The friction parameter betwegteasurements despite the simpli ed model considered here.
the object and the tray is set to= 0:5. For this simulation,  To additionally evaluate the tracking performance of mea-
we used the quintic-polynomial desired trajectory explained sured versus calculated forces, we performed a set of dynamic
Sec. VI, and employed the proposed MPNSM control methaimulation experiments with varying trajectory lendthin-
to track the desired trajectory. The comparison between thalving the same setup. In more details, we considered the
calculated (continuous line) and the measured (dashed litigjectory lengthL varying from a minimum value 09:48 m
contact force components for each contact point is showntima maximum value 00:8 m with increments 00:01 m (33
Fig. 5 for aL = 0:62 m long linear trajectory performed in simulations). The trajectory duration has been Kepts, such
1:5 s. It is possible to note that the computed contact forcH#zat longer trajectories involve higher accelerations, which in



Fig. 7. Validation of the tracking performance along a slow £ 2:5 s)
linear trajectory. The norm of the error terrag and e, is contained as no
manipulation and robotic system constraints are met.

turn changes the required contact forces. Figure 6 shows for
each contact point() the mean (black squares) and max (grey
dots) norm of the error vector, which is constructed as follows
2 ;3
Fge®(0) F¢ (0)

where F"®®5(t) 2 R® denotes the contact force measured

at the instant in the i-th contact,T denotes the trajectory

duration and the norm operator is intended to be applied

row-wise. As noted from the gure, both the mean an&ig_. 8. Validation of the tracking performance along a fa'Et_# _1:5 s)
the maximum error norm are low for shorter (thus slowefﬂﬁfgﬁgﬁ;?e( nfrmigéltehzrzgﬁ)r t;:g”?géi?dcf)‘;]S_trgﬁtgzpbhgﬁ'gr;"%?:;,%s
trajectories while they increase for longer (faster) trajectoriege met.

The explanation is readily available: the proposed calculation

procedure does not account for the physical friction cone

constraints becoming binding along trajectories requiring high

accelerations.

Fleas(T)  Fe (T)

B. Tracking performance - no constraints

In this subsection, the devised MPNSM control approach’s
tracking performance is showcased when no manipulation and
robotic system constraints are met, i.e., they are satis ed with
strict inequality sign. This case is reproduced by slowing down
the trajectory execution, i.e. by setting the desired trajectory
completion time toT = 2:5 s. In Fig. 7 we show the
tracking errorE = (ep; &), with g (t) = jjpo(t)  po(t)jj
andey(t) = jj e(1)jj, where ¢ is the vector of Euler Angles
extracted from the rotation matrix error, i.B,"R,, where
R, andR, are is the desired and the current rotation matrix,
respectively. In the considered case, the motion executed by
the object closely follows the desired one with a maximum
position error norm o€® =6 10 8 m and a maximum
orientation error norm o&'® = 1:5 10 3 m. It is worth
noting that the errors decrease to zero before the trajectory
ends, thanks to the predictive capabilities of the controller.
Moreover, the shape of the error can be attributed to the
particular choice of the cost function and its weights in the
optimal control problem (20) and may be further reduced by
re ned tuning. The result shown here can be used as a basekiye 9. Validation of the tracking performance along a fabt £ 1:5 s)
to compare how the tracking performance results are affecfgctory. The norm of the error termey(ande, —top graph) is higher as
. i manipulation ( — middle graph) and robotic system velocity constraimts (
when constraints are met or when external disturbance torqu&gyttom graph) are met.
are applied, as considered in the following subsections.



Fig. 10. Evaluation of the tracking performance: trend of the mean (black
squares) and max (grey dots) norm of the error along a variable ldngth
linear trajectory performed i =1:5s.

C. Tracking performance - non-sliding and robot constraint

In this subsection, the tracking performance of the devised
MPNSM control approach is showcased when both input and
manipulation/robotic system constraints are met. This case is
reproduced by re-scaling down = 1:5 s the completion
time of the desired linear trajectory considered in the previous
sections. This makes the non-sliding manipulation constraints
binding, i.e., the inequality constraint 0 holds with
equality for some ; at the optimal point in some portions
of the trajectory as shown in Fig. 8 and Fig. 9. As it is
possible to note, this is in general associated to higher tracking

errors when compared to the baseline case (i.e., no constraifig)11. Validation of the tracking performance along a sldwX 2:5 s)

; ; _ trajectory. The norm of the error termep(ande, — top graph) is higher as
previously shown in Sec. VII-B. the torque disturbance is applied betwéenl s andt = 1:5 s. Manipulation

In addition, to show the inuence of input and stat@orce coefcients ( — middle graph) and input (- bottom graph) trends are
constraints on the tracking performance, we restrict the ughown.
per/lower bounds on_to 200 and relax those on joint

EQSltgons,h_lvelocmes anld trc])rque_s_ ml thi case con3|dbered Mrhe variation of the object dynamic properties, initial posi-
'g. 8, while we re-apply the original robotic system Oundl?on and dimension is not causing signi cantly different results

and relax those on _the |nput.|n the case cons@ere@ in F'g'iﬁ'terms of tracking performance, as also shown in [41].
In the rst case, ; is saturating to the upper limit in some

ortions of the performed trajectory. In the second cagés . . .
Eaturating to th% upper/lowe]r Iimit)é in some portion?of th@' Tracking performance - external disturb applied
performed trajectory. In both cases, the tracking error is largerTorque-controlled robots have the advantage of ensuring
of the baseline case (no constraints) reaching a maxim@rcompliant behaviour to external environment interactions.
of epmax = 0:06 m, &' = 0:09 rad andegax = 0:07 m, This is an advantage compared to position control robots
el = 0:12 rad, respectively, along the performed trajectonysince compliance avoids giving rise to high contact forces

Finally, we evaluated the tracking performance when thghen unintended interactions occur. To demonstrate the ability
trajectory length is varied as done in Sec. VII-A. Figure 10f our torque-based MPNSM control approach to handle
shows the trends of the mean (black squares) and max (gtelg situation, we applied a disturbance torque in simulation,
dots) norm of the positioneg) and orientation &) errors. emulating an unwanted collision of the end-effector along

These are constructed as follows with the R-direction (orthogonal to the performed motion).
(0, (0) p (0))T ( (0))T 3 We again consider @ = 2:5 s trajectory duration to show the
© ° © effect of the disturbance isolated from those of the potential
€ = : ;&= : : constraint violation. The considered disturbance torqués
(P, (T)  Po(T)T ( ()T computed as follows
wherep, denote the desired position extracted from the desired .1y o T _ _
path, . is the vector of Euler Angles extracted from the ¢~ Je A SN — :0,0,0,0,0 ; 0<ty<D;

rotation matrix error, andl is the trajectory duration. The (24)
norm operator is intended to be applied row-wise. As notatherety = t ty, andD = 0:5 s is the duration of the
from the gure, both the mean and the maximum error normisturbing torque signal an8l = 20 N denotes its amplitude.
are low for shorter (thus slower) trajectories, while thelpuring the time frametmin, = 1 s andty,n + D = 1.5 s,
increase for longer (faster) trajectories. The explanation tise robotic system control input is computed aft) =
readily available: the tracking performance is penalized by thgp(t)+ 4(t), with mpc being the controller output calculated
robotic and manipulation constraints becoming binding aloras in (23). Results are shown in Fig. 11. As it is possible to
trajectories requiring high accelerations. note, the system is perturbed by the applied disturbance torque



VIIl. REAL EXPERIMENTS SHOWCASE

To demonstrate the validity of our approach, we conducted
additional simulations and real experiments employing the
RoDyMan humanoid robot. It is a 21-DoF robot made of
a custom-built mobile base, a two-DoFs torso, two one-
Dof shoulders, and two six-DoFs Shunk Powerball arms.
Additional construction details can be found in [42]. For our
experiments, we employed only the kinematic chain starting
at the torso and ending at the tip of the robot's right arm
(9 DoFs). A plastic tray-like end-effector was attached to it
through a 3D printed support, which embedded a Shunk 6-
Axis F/T sensor. A calibrated Intel RealSense Depth Camera
D415 was mounted on the tray with the purpose of tracking
and recording the object displacement thanks to a QR-code
pattern and the VISP auto tracker module [43]. The object is
a steel hollowed cuboid of dimensio®® 60 70 mm,

Fig. 12. Comparison of the tracking performance and control torques betwgghose inertial properties are: mass, = 0:236 kg and
acceleration- and jerk-based MPNSM controllers along & 1:5 s linear

. . . . . . 5
trajectory. The norm of the error termegy(ande, — top graph) is comparable d'_agonal 'nert_'al matrix| o = d'ag4-_5375 10 °) kgmz. The
in the two cases while smoother torques~ bottom graph) can be obtained friction coef cient between the object and the tray has been

by the jerk-based one. experimentally identi ed in = 0:2. The robot was position-
controlled, and its set point was extracted from the output

and the tracking performance is signi cantly deteriorated whefi€ctory solution of the MPNSM controller given in (20).
compared to the baseline experiment (Sec. VII-B). MoreoveTrhe robot control cycle time is set Ebms._ Table 11 contains
when disturbance torque is applied, contact force parametk}g real system control parameters while the robot physical
touch their lower bound. However, our controller can readilymits are given in Table IV. A picture of the experimental
compensate for and recover from the perturbed state usffguP IS given in Fig. 1. _ ,
the optimal control input shown in the bottom graph. Further /& compared the system's performance while tracking

simulations results can be seen in the video accompanying g reference trajectory using the robot-embedded position
paper. control and the MPNSM controller. The rst object trajectory

chosen for the real experiment is a quintic polynomial rest-
to-rest linear Cartesian trajectory with initial poim =
0:7; 0:5; 1:34] m, and nal pointpe = [0:7; 0:15; 1:34] m
In this section, we compared the performance of our jerL}(pressed in the robot base frame, whose duratiof is
based MPNSM controller with an acceleration-based one. Thig s As in the simulation, the desired orientation is kept con-

H H H T. ~T . . . .
is derived reducing the system statextc= q'; @, and giantand corresponding to the tray facing the upward direction.
considering  as output of the controller. Robotic systeMrpe corresponding joint trajectory was computed using the
constraints are thus imposed as state/input bounds while n§8zobian pseudo-inverse CLIK routine. A timed sequence of
sliding manipulation constraints are easily formulated as &gy frames taken during the performed experiments is shown
inequality relation on a no_nlmear function o_f the_ two. in Fig. 13 (a) — (d). At the same time, quantitative data are
Results of the comparison are shown in Fig. 12 whefgotted in Fig. 14 in terms of tracking errd, manipulation
we report the tracking error and the torque control inponstraint and object displacemeitt for the two cases. The
for the two controllers along the sane = 1:5 s linear \pNSM controller performance trends in the real experiments
trajectory where only manipulation constraints are becominge close to what was achieved and widely discussed in the
binding. The superscript or j denotes the terms related Gyrevipus sections. In summary, when manipulation (or robotic
the acceleration and the jerk case, res.pect|vely. Despite tem) constraints become binding (one or multiple= 0
two controllers show _compar_able tracking performaneg (in the middle graph), tracking performanag,§, andey, in
ande, — top graph) with our jerk-based MPNSM controllefne top graph) are penalized with respect to the reference case
we obtamed smoothgr control tqrqugs—( bottom graph) that (yr and ey, in the same graph) in favor of safety, i.e. the
is sometimes bene cial when vibration and actuators strégganipulator does not exceed its limits and the object does not
reduction is of interest. This is due to the integration rulgjige and fall from the tray. This can be seen from the norm of
shown in (23) and to the additional constraints on contrghe object displacemeni(t) = jjpo(0) po(t)jj in the bottom

torques variations that can be imposed in our jerk-basgghph shown for the two cases. Better insights can be captured

controller. , . from the complete video of the experimehts
It is worth to mention that the acceleration-based MPNSM 14 aqditionally prove the robustness of our controller we

controller is slightly more ef cient exhibiting an averageonsider two additional trajectorie€) a rectangular path in
computation time 00:048 ms along the considered trajectoryihe norizontal plane, shown at the top of Fig. 15, featuring
However, comparing acceleration- and jerk-based control ap-

proaches is beyond the scope of this paper. Shttps://github.com/prisma-lab/nonprehensile-object-transp

E. Comparison with acceleration-based controller






