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This paper reviews hybrid motion/force control (HMFC), a control scheme which enables robots
to perform tasks involving both motion, in the free space, and interactive force, at the contacts.
Motivated by the large amount of literature on this topic, we facilitate comparison and elucidate the
key differences among different approaches. An emphasis is placed on the study of the decoupling of
motion control and force control. And we conclude that it is indeed possible to achieve a complete
decoupling, however this feature can be relaxed or sacrificed to reduce the robot’s joint torques while
still completing the task.

Keywords: Hybrid Motion/Force Control, Motion/Force Decoupling

1. Introduction

The utilisation of robots for tasks which involve forceful interactions with the environment is
rapidly increasing in machining and assembling with industrial robots; in tele-operation and tele-
manipulation; in search and rescue tasks; in cooperative tasks; in manipulation; in humanoid
robots, e.g., walking. In the nuclear industry, decommissioning tasks such as cutting or scabbling,
require large contact forces at precise positions. Thus controlling the interactions robots have
with the environment is critical. In these situations, contacts play a fundamental role not only
for safety reasons, in fact exploiting such contacts could lower the effort needed to complete a
task. Robots’ masses and inertias are neither negligible nor unimportant when in motion and
reactive forces from contacts and active forces exerted on the environment need be analysed and
controlled in addition to the robot’s position.

Compliance with the environment can be achieved with the introduction of mechanical devices
at the robot end effector, e.g., Remote Centre of Compliance device, i.e., [1]. This passive
compliance can be useful in peg-in-the-hole tasks but has limited use for tasks where the robot
is asked to interact actively with the environment. In contrast to passive solutions, an active
compliance can be achieved with a control law so as to directly command the robot to act
on the environment with a desired behaviour. Control methods such as active stiffness and
impedance control fall into this category [2–4]. Impedance control and admittance control were
formally proposed in [3]1. A constant switch between impedance control and admittance control
is proposed in [5], to benefit from both: 1. the accuracy of admittance control in free motion and
2. the robustness of impedance control in stiff contact. There are efforts towards an integration

CONTACT: V. Ortenzi, Extreme Robotics Lab, University of Birmingham, Edgbaston, B15 2TT, UK. Email: vale-
rio.ortenzi@gmail.com
1A system that has motion as input and outputs force is defined as an impedance, whilst a system that has force inputs

and outputs motion is defined as an admittance.
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of impedance control and HMFC, such as [6] and [7]. Hybrid Impedance Control is an attempt
to combine impedance control and HMFC into a unified scheme, as for example in [8].

Motivated by the wide range of robotic applications requiring interactions with the environ-
ment, this work focuses on the control technique formally defined as Hybrid Position/Force or
Motion/Force Control (HMFC), a strategy which defines a control for tasks involving both mo-
tion, in the free motion space, and force, at the contacts. Books and manuals on robotics report
on HMFC, e.g., [9] and [10]. A review of notable interest is in [11], which presents a survey
on interaction schemes such as impedance control and parallel force/position control, however
HMFC is not directly taken into consideration. HMFC, impedance control and parallel control
are reviewed in [12], where high level statements of general value are proposed when applying
force control. An insightful high-level description of HMFC can be found in [13]. Another very
interesting survey on force control is presented on [14]. The focus is on both impedance control
and HMFC, and a number of applications of HMFC are also reported at the end of the paper.
We are not aware of any review article in the existing literature, which specifically and compre-
hensively covers the important area of HMFC. For this reason, this paper focuses on HMFC and
aims at providing a review on the important contributions to it.

We propose an analysis of the differences among various different methods. We offer a study
of motion/force decoupling, a fundamental feature of HMFC. Motion/force decoupling enables
independent controls for motion and force, without them interfering with each other. We provide
a comparative categorisation of various different HMFC schemes, according to attributes such as
the need of a priori knowledge or the need of any direct force feedback. Finally, we also discuss
the connection between these classical control approaches and optimal control.

The remainder of this paper is organised as follows. In Sec. 2, we discuss the major papers
that contributed to the definition of HMFC. Then in Sec. 3 we focus on decoupling. Sec. 4
studies three other characteristics of HMFC, and finally Sec. 5 concludes the review with some
final remarks. Table 1 introduces symbols used in the next sections and Table 2 introduces the
kinematics and the dynamics of a robot in their classical formulations.

2. Hybrid Motion/Force Control

Robots interacting with the environment typically have constraints limiting their motion. These
constraints are due to the geometry of the environment and are generally called natural con-
straints. When robots are asked to perform a task, they are given additional artificial constraints
to satisfy simultaneously to the natural constraints.

The main principle of HMFC is to use all actuated joints to control position in the free motion
directions while controlling force in the directions where the robot has its position constrained
by contacts.

Many schemes have been proposed for HMFC, and in the following we will highlight the
main features and differences among the approaches. We review the contributions thematically,
categorising methods for using either a selection matrix or a projector. We define a method to
be model-based if it uses a dynamic model in the controller, whilst the method is model-free if
it uses only kinematics.

2.1 Selection Matrix: Model-free

A foundation for force control was built in [15], [2] and [4]. Building on compliance control,
HMFC has its roots in the work of Mason [16, 17] and Craig and Raibert [18, 19]. Compliance
and force control was introduced in [16] and [17] by identifying natural and artificial constraints,
by means of selection matrices to keep the end effector within the constraint force and free

2
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Table 1. Definition of symbols

Symbol Description

q(n x 1) Robot configuration coordinates, joint position, q ∈ C ⊆ Rn

q̇(n x 1) Joint velocity

q̈(n x 1) Joint acceleration

y(m x 1) Robot task coordinates, y ∈ W ⊆ Rm

ẏ(m x 1) Task coordinates velocity

ÿ(m x 1) Task coordinates acceleration

J(q)(m x n) Task Jacobian

J̇(q)(m x n) Task Jacobian first derivative

JT (q)(n x m) Task Jacobian transpose

J†(q)(n x m) Task Jacobian Moore-Penrose pseudoinverse

M(q)(n x n) Inertia matrix

h(q, q̇)(n x 1) Centrifugal, Coriolis, gravity and friction components in robot dynamics

τ (n x 1) Torque input, torque commands to the joint motors

JC(q)(c x n) Jacobian of the constraints, where c is the number of constraints

J̇C(q)(c x n) First derivative of the Jacobian of the constraints

(JC(q)Tλ)(n x 1) Torques at the joint level which are the effect of external forces, e.g., due to contacts and constraints

F(m x 1) Cartesian external forces/torques at the end effector

Λ(y)(m x m) Operational space inertia matrix

µ(y, ẏ)(m x 1) End effector centrifugal and Coriolis forces

p(y)(m x 1) End effector gravity forces

µ̃(y, ẏ)(m x 1) End effector centrifugal, Coriolis, gravity and friction forces

MC(q)(n x n) Projected dynamics “inertia” matrix

ΛC(y)(m x m) Operational space projected dynamics inertia matrix

K(n x n) General feedback control gain

δ Small displacement, e.g., δq(n x n) is a small displacement of the robot configuration q

S(m x m) Selection matrix, diagonal, indicating directions where free motion is not allowed

I Identity matrix

(I− S)(m x m) Selection matrix, indicating directions where free motion is allowed

P(n x n) Projector into the space of permissible motion

(I−P)(n x n) Projector into the space of permissible forces

motion subspaces. In this perspective, it is possible to define

Sẏ = 0 (8)

3
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Table 2. Classical formulations of the kinematics and dynamics of a robot

Equation Description

y = f(q) (1) Direct kinematics

ẏ = J(q)q̇ (2) Differential kinematics - velocity

ÿ = J(q)q̈ + J̇(q)q̇ (3) Differential kinematics - acceleration

JC(q)q̇ = 0 (4) Kinematic constraints - velocity

JC(q)q̈ + J̇C(q)q̇ = 0 (5) Kinematic constraints - acceleration

M(q)q̈ + h(q, q̇) = τ − JC(q)Tλ (6) Joint space dynamics

Λ(y)ÿ + µ(y, ẏ) + p(y) = F (7) Operational space dynamics

and

(I− S)F = 0 (9)

respectively, using S to declare directions where motion is not allowed by the physical constraints,
and (I−S) the corresponding directions of free motion. S and (I−S) are formed of 1s and 0s on
the diagonal. Mason thus stated equations in such form limit velocities and forces to subspaces
which are orthogonal complements. Notice also that

Sẏ = (SJ)q̇ = JC q̇ = 0 . (10)

There is also a strong analogy with [15], where a selection of directions was proposed in the joint
space instead.

HMFC to achieve compliant motion is formally presented in [18] and [19]. Specifically the
error in the task related coordinate system is mapped to the joint space by means of the inverse
Jacobian, J−1. This differs from the ”free-joint” method in [15], because this approach involves
all joints to devise position and force commands simultaneously. In other words, the selection
of position and force control directions is done directly in the Cartesian space, leading to a
more intuitive definition of the constraints. More specifically, a controller is proposed whose two
components are respectively responsible for motion control, (I−S)∆y, and force control, S∆F,
where ∆y and ∆F are the errors on position and force measured on the end effector, giving

τ = Γ(S∆F) + Ψ((I− S)∆y) , (11)

where Γ and Ψ are force and position compensation functions used to map errors in the Cartesian
space to commands in the joint space. S is defined analogously to [16] and [17].

In [18] and [19], the choice of using the inverse of the Jacobian, J−1, is especially critical since
it does not scale to redundant manipulators and because of numerical issues arising from the
inversion. Hence later work proposed alternative methods to avoid these problems. Zhang and
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Paul in [20] criticise: the approach in [4], claiming the method does not work near to kinematic
singularities; the approach in [18] and [19] because of the computational problems connected to
the inverse of the Jacobian; and the approach in [15] since the proposed method achieves good
performances only if the joints are aligned with each direction where compliance is required.
Thus, they propose a modified HMFC to overcome these difficulties in the form

τ = K(I− J−1SJ)δq . (12)

This is different to the stiffness approach in [4], in that the latter uses τ = JTKJδq. It is also
different from the formulation of HMFC in [18] and [19], since it does not use only the J−1 to map
the Cartesian error into the joint space, thus, according to the authors, enhancing performances
since it reduces the computational load locally at the joints. Zhang and Paul call the selection
matrix the Cartesian compliant matrix, but in our understanding it is the same as the selection
matrix S. Analogously to the KQ in [4], they define the product J−1SJ as the joint compliance
matrix CΩ. The above analysis describes the position part of the control scheme. As for the
active forces, they are transformed into joint torques through the Jacobian transpose JT and
added to the commanded torques in an open loop fashion.

The work of [21] proves kinematic instabilities of hybrid control by counterexamples, in par-
ticular showing that stability is dependent on the geometry of the manipulator. They report
that HMFC results in instability when used on a 2-degree-of-freedom manipulator with revo-
lute joints, but proves stable on a polar manipulator. On the contrary, they show that stiffness
control as proposed in [4] always results in a stable system, suggesting the use of the Jacobian
transpose as the cause for this result. On the same line of reasoning, the kinematic stability of
the linearised systems associated with HMFC ([18] and [19]), and active stiffness control ([4]) is
investigated in [22]. It is shown how HMFC can become unstable when the joints are in certain
configurations, while the stiffness control is always stable except in singular configurations. Their
conclusion reaffirms what was already proved by examples and counterexamples in [21].

A correction of the formulations in [18] and [19] is found in [23], advocating that the original
position solution, using J−1, not only gives rise to numerical problems but also is not a general
and correct solution. Another critique to the approach in [20] can be found in [23], where an
equivalent to S is proposed in the joint space, namely J−1SJ. This is different from S, which
refers to the Cartesian space, while J−1SJ is a mapping in the joint space. They propose a revised
formulation of the HMFC scheme based on vector space analysis and advance a controller where
the correct general position solution is in the form

qes = (S⊥J)†∆y + (I− J†J)zq , (13)

and the general force control in the form

τ es = (SJ)T∆F + (I− J†J)zτ , (14)

where zq and zτ are arbitrary position and force vectors respectively, defined in the manipulator
joint space. By pre-multiplying by (S⊥J)†, only the components of the error referring to the
Cartesian directions where it is possible to control motion are taken into account and mapped
into the joint space, whereas force control is in the directions indicated by S. They consider that
force control is orthogonal to position control, i.e., S⊥ = I − S. They show that the inverse of
the Jacobian is an incorrect solution and they investigate how the null space of the Jacobian can
influence the control of both positions and torques. Also, they derive two sufficient conditions
for kinematic stability in addition to providing further insights on projection matrices. Finally,
they show that the matrix S is a selection matrix that selects a reduced Cartesian space, or
equivalently, a subspace of interest of the entire Cartesian space. Mapping this space into the
joint space through the robot Jacobian may be problematic, hence their proposal of a more
robust formulation of the HMFC and their analysis of kinematic stability.
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2.2 Selection Matrix: Model-based

A contribution to the understanding of dynamics is the work of Khatib, [24] and [25]. A controller
is proposed directly in the operational space

τ = JT (Fm + Fa + Fccg) , (15)

where Fm and Fa are respectively the components for motion and force control, while Fccg is a
compensation of centrifugal, Coriolis and gravity effects. The following definitions are advanced

Fm = Λ(I− S)F∗m (16)

and

Fa = SF∗a + ΛSF∗s , (17)

where F∗m is motion control part formed of a PD on position and velocity plus a feedforward
on acceleration while F∗a and F∗s are respectively vectors of active force control and end effector
velocity damping acting in the force control subspace. This work clearly follows the lines of
Mason, and Raibert and Craig because it uses selection matrices to select certain directions in
the Cartesian space, in order to separate motion and force control geometrically.

A generalisation of HMFC is presented in [26], where there is also a study of the conditions for
closed-loop stabilisation including the constraints. A nonlinear controller, based on a modification
of the computed torque method, is proposed and claimed to be a generalisation of the HMFC
scheme presented in [18] and [19]. A study of HMFC stability by analysing the nonlinear dynamic
system resulting from HMFC using Lyapunov’s theory and LaSalle’s theorem is found in [27].
Contrary to previous work based on linearised models, it analyses the nonlinear dynamic system
and factors such as additional phase lag and sampling delay. This work also offers stability
conditions for HMFC, even in the presence of friction, phase lag and discrete control. As a
result, it provides new insights into how the inverse Jacobian in [19] adversely affects stability.

The work in [28] is based on [19] but states that dynamics were not considered rigorously. It is
shown how a feedforward term fFd in the force control has a major desirable impact, such that
the final controller proposed is in the form τ = τP + τF , where

τP = Mq̈d + h (18)

and

τF = (SJ)T fFd . (19)

Desired position and force can both be realised if the robot is not in a kinematic singularity.
Most of the concepts presented in [28] are reprised in [29], with the further contribution of a
linearisation of the system by state feedback by setting

τP = Mq̈d(u1) + h (20)

and

τF = JTSTu2 . (21)

It is possible to choose an appropriate q̈ such that when not in singularity, a linear decoupled
system is achieved: ÿ = u1 on the motion control directions and F = u2 in the force control
directions. They also propose to use a PD feedback for the position control and I (integral)

6
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feedback on the force control to ensure zero error as time goes to infinity. In later work, a method
for online estimation of unknown constraint surfaces is proposed in [30], estimated geometrically
using ∆y and ∆F, which need a force sensor on the end effector to be measured.

A different control architecture is proposed [31], which is rule-based, to overcome the flaws of
model-based selection matrix HMFC. This system entails the cost of a more complex design but
enables a parallel force/position control, where force control is prevalent over position control
so that the system is able to be compliant with the environment and its constraints. A study of
the stability of force/position control of a manipulator in elastic contact with the environment
is in [32], exploiting Lyapunov analysis.

In the work reviewed till here, the subspace of force control is predominantly assumed to be
orthogonal and complementary to the subspace of free motion1. In contrast, a third subspace is
introduced [33] where it is possible either to control force, implicitly producing an acceleration, or
to control motion, implicitly producing an active force. This is possible in directions where forces
are not counterbalanced by a constraint reaction, thus producing active work, i.e., directions
where active forces and motion coexist.

2.3 Projection Approach

Contacts between robot and environment are modelled as virtual links with passive joints in [34],
stating that constraints arising from contacts generate a closed kinematic chain. Their approach
works seamlessly with multiple contacts and with contacts not at the end effector, which are
situations likely to happen in realistic interactions with the environment. In particular, their
idea takes root in the fact that it is possible to express the kinematics and dynamics of the
robot and the constraints both in the joint space and as a closed kinematic chain, as in Eq. (4).
They advocate that permissible motion and permissible forces of such closed kinematic chains
are identified by P and I−P, where

P = I− J†CJC (22)

such that P(I−P) = 0. These projectors are used to map or filter the error signals in order to
compute the torque commands to send to the robot.

The formulation of HMFC proposed in [18] and [19] is also extended in [35], in that a more
general contact model and a filtering of the error signals into force and motion components
are introduced. Two spaces are introduced, a space of normal vectors referring to the actual
contact, and a space of those vectors which are tangential to the contact. Such representation
overcomes the drawback of the classical selection matrix S since it does not rely solely on the six
parameters used in S to select Cartesian directions, instead the proposed representation scales
well to more intricate situations, e.g., multiple-point contacts with non-intersecting normals (see
Fig. 1 on the same paper). Moreover, two more subspaces are defined such that their direct
sum is equal to the space of the force vectors and the motion vectors respectively. This is a
representation analogous to the one in [33] but without taking into consideration the possible
third subspace. It is also claimed that, with this proposed filtering, control is decoupled, stating
that acceleration depends only on the filtered command of the motion control and force on
the filtered command of the force control. Furthermore, it must be stressed that within this
framework it is possible to include multiple contacts, in contrast to the formulation in [18] and
[19]. Following [35], constrained-body contacts are studied in [36], where free-body contacts are
categorised as special cases of the former, and a description of the motion and force freedoms
and constraints at the contacts is given, also taking into account the effect of possible additional
kinematic constraints. A dynamically-decoupled motion and force control is also described.

1The validity of the concept of orthogonality between the subspace of free motion and the subspace of force control has
been questioned mostly because of a dimensional inconsistency. More in [14] and references therein.
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In [37], projected dynamics are developed. The author goes further than [34] projecting the
dynamics of the robot with the projector in Eq. (22). The range of the projector P is the null
space of JC (R(P) = N (JC)) and the range of the projector (I−P) is the orthogonal space to
the null space of JC , R(I−P) = N (JC)⊥. Now, projecting the equation of the robot joint space
dynamics (6) with P gives

PMq̈ = P(τ − h) , (23)

since JT
Cλ ∈ N (JC)⊥ so PJT

Cλ = 0. Finally

q̈ = M−1
C (P(τ − h) + CC q̇) , (24)

where MC = M + PM − (PM)T , CC = MC and C = −J†C J̇C . MC is invertible thus q̈
can be expressed explicitly, in contrast to the previous case where PM was not invertible. The
expression of JT

Cλ can be obtained analogously to q̈, by projecting (6) with (I−P)

JT
Cλ = (I−P)(τ − h)− (I−P)MM−1

C (P(τ − h) + CC q̇) . (25)

In [38], Aghili extends his formulation of projected dynamics and proposes to use optimisation
to take into account unilateral constraints in his definition of force control.

The formulations of the operational space dynamics and projected dynamics are fused in [39],
to express operational space dynamics as

ΛC ÿ + ΛC(JM−1
C Ph− (J̇ + JM−1

C C)q̇) = F , (26)

where MC = PM + I − P and ΛC = (JM−1
C PJT )−1. This approach, based on projected

dynamics, has been used in [39] and further in [40]. The case of underactuated systems is analysed
in [39].

2.4 Applications of HMFC

HMFC has been used in numerous very different robotic applications. Some examples are briefly
listed in this subsection.

HMFC is extended to cooperating robots in [41]. The work in [42] builds on dynamic hybrid
control and devises a control scheme for single object motion, which handles both constraint and
internal force for multiple manipulators while accounting for both object and robot dynamics.
An application of HMFC in bilateral communications between master and slave manipulators
can be found in [43].

HFMC has been used for continuum manipulators in unknown constrained environments as in
[44], and to control prosthetic hands as in [45] or to control biped walking as in [46]. HMFC has
also been applied to control quadrotor helicopters as in [47] and flexible parallel manipulators
as in [48]. The case of iterative learning HMFC for contour tracking of an object with unknown
shape is analysed in [49]. Neural Networks were used in [50] while Elman Fuzzy control was used
in [51].

An analysis of friction compensation in HFMC is proposed in [52] while a vision system
accompanies HMFC in [53].

3. Decoupling

Decoupling is the capability to provide both motion and force control which do not interact
with each other. In other words, it is possible to change the exerted force without altering or

8
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disturbing the robot trajectory, and vice versa. This is a very fundamental and powerful feature,
especially when devising distinct desired evolutions for motion and force, which otherwise could
not be realised. It is a topic arising prominently when using a control scheme such as HMFC,
or in any task where both motion and active force need be precisely controlled. An important
feature necessary to achieve decoupling is either the knowledge of the dynamic model of the
robot, in order to compensate for the dynamics of the robot, or a feedback on force at the
contact point, so that this feedback can be used to modulate force control.

A selection matrix S is introduced in [16] and [17], which provides the means to define and
select directions in the Cartesian space frame of interest, where there is the possibility of free
motion or conversely the possibility to exert forces on a contact surface. This concept is found
also in [18] and [19] with few fundamental differences. The latter use a selection matrix to select
only the error signals for each of the two subspaces of free motion and contact force. However
the main idea is similar, namely to obtain decoupling between motion and force through an
appropriate selection of directions in the Cartesian space, i.e., by defining directly the commands
which are feasible in the Cartesian space. These control schemes devise position and/or velocity
commands in the directions of free motion, and force references in the directions where the robot
is in contact and thus can exert active forces on the contact point or surface using Eq. (8) and
Eq. (9). In the directions of Cartesian space indicated by S, motion is not feasible, while, on the
contrary, in the orthogonal subspace, described by (I − S), it is possible to specify references
in position or velocity. The selection matrix, as proposed by [16], [17], [18] and [19], has the
intrinsic limitation of not scaling easily to multiple contacts on the same robot or to situations
where it is not easy or possible to know a priori or define orthogonal contact directions explicitly
in the Cartesian space.

In [54], a model is derived for a robot in contact with the environment. A control architecture
is proposed which leads to a complete decoupling of motion and force control. Reducing the
dimensionality of the equation of motion, pseudo-velocities v are defined as

v = Bq̇ , (27)

such that the matrix
[
JT
C BT

]T
is non singular. A control law in the form

τ = JT
Cu1 + MEu2 + h−M(DJ̇C + EḂ)Ev , (28)

where

[
JC

B

]−1

=
[
D E

]
, is verified to lead to

λ = u1 (29)

and

v̇ = u2 , (30)

which is a result very similar to [29]. Notice that in this formulation, JCE = 0 so that pre-
multiplying Eq. (6) by ET yields

ETMq̈ = ET (τ − h) , (31)

which is closely related to Eq. (23).
The use of projectors is proposed in [35], which are arguably a more flexible solution than the

selection matrix (capable of additionally handling non-perpendicular contact directions), and to
filter the commands in order to map those same commands into the subspaces of free motion
and active force. A projector Eq. (22) based on the Jacobian of the constraints, is proposed in

9
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[34] and [37]. In particular, Aghili concludes in [37] that a perfect decoupling is achieved when

∀w ∈ N (JC) : Mw ∈ N (JC) . (32)

This condition is not satisfied in general and he therefore adds a component in the force controller
to compensate for the coupling effect. The same P projector is also used in [39] and [40] when
dealing with control using operational space projected dynamics.

Comparing the approaches exemplified by a selection matrix S and by the projector P, two
considerations can be made:

(1) S decouples motion from active force but needs an entire compensation of the robot dy-
namics even just for a pure motion task. On the contrary, for a motion task, P allows the
controller to command lower torques with respect to an approach based on S, but the mo-
tion part of the controller affects also the exerted force at the contact point. This feature
can be explained by considering that the approach based on P exploits the constraint, in
the sense that it exploits the reaction force at the contact point in order to compensate for
the robot dynamics. To do this it is indeed necessary to interact with the environment, and
so the non-null active forces are explained. On the other hand, the approach based on S
devises higher commanded torques because it does not rely on the contact to compensate
for the robot dynamics. In other words, this approach compensate for the whole robot
dynamics while controlling motion, and this explains higher torque commands. It can be
concluded that the method using the projector P sacrifices decoupling for torque efficiency
(lowering the commands), while the method using S provides superior decoupling at the
cost of higher torques;

(2) a force component in the P approach denaturalises the whole approach in the sense that
the advantage of exploiting the contact is overridden by the imposition of a desired active
force and an entire compensation of the robot dynamics may be necessary in addition to
a compensation of the cross-coupling effect brought by the motion control part. On the
other hand, this is the natural way to achieve a decoupling for this approach, so that it
becomes possible to impose a desired motion and a desired active force. As a matter of
fact, adding a force component the P approach becomes equivalent to the selection matrix
S approach.

4. Discussion

Thus far, we analysed fundamental features of HFMC and Table 3 lists the key papers surveyed in
this work, highlighting their major contribution. However, HMFC has criticalities that have been
mentioned already in some of the aforementioned papers. HMFC is said to ignore the dynamic
coupling between manipulator and environment in [5], hence resulting in an impossibility to
control position or force precisely. Even if HMFC discerns between force controlled and motion
controlled subspaces, however it fails in taking into account the importance of the manipulator
impedance. In fact, in the real world uncertainties on parameters are frequent and a control
framework such as HMFC should be able generate safe reaction forces [7]. Other criticisms
include the need of a perfect knowledge of the kinematic constraints arising from the contacts
and the problem of stability during transitions between contact and non-contact situations [13].

In the following, three other key concepts are to be discussed: 1) the need for a precise model
to compensate dynamics and a priori knowledge about the environment, 2) the need to use a
force sensor, and finally 3) the relationship between HMFC and optimal control.
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Table 3. List of key contributions

Main Contribution Paper

Admittance control [2], Whitney, 1977
Selection matrix [16], [17], Mason, 1979, 1981
Hybrid control [18], Craig and Raibert, 1979

Joint stiffness matrix [4], Salisbury, 1980
Hybrid control, use of inverse Jacobian [19], Raibert and Craig, 1981

Modified hybrid control [20], Zhang and Paul, 1985
P projector [34], West and Asada, 1985

Operational space dynamics [24], [25], Khatib, 1986, 1987
Dynamic hybrid control [28], Yoshikawa, 1987

Instab. of classical hybrid control by counterexamples [21], An and Hollerbach, 1987
Stability closed-loop [26], McClamroch and Wang, 1988

Feedback linearisation [29], Yoshikawa et al., 1988
Instability of classical hybrid control [22], Zhang, 1989
Correct general position formulation [23], Fisher and Mujtaba, 1991

Stability with Lyapunov (using robot dynamics) [27], Yabuta, 1992
Online estimation of selection matrix [30], Yoshikawa and Sudou, 1993

Parallel force/position control [31], Chiaverini and Sciavicco, 1993
Third subspace [33], De Luca and Manes, 1994

Projectors overcoming selection matrix [35], Featherstone et al., 1998
Projected dynamics [37], Aghili, 2005

Operational space projected dynamics [39], Mistry and Righetti, 2011

4.1 A priori knowledge

A critical point is the assumption of a perfect knowledge of the model and parameters of the robot
and knowledge about the environment, i.e., constraints and timing of contacts. HMFC assumes
the robot to be already in contact with the environment. When this knowledge is not exact,
stability of the system can be jeopardised. HMFC compensates for the dynamics of the robot
and expresses the desired behaviour at the same time. Thus, with uncertainty on parameters,
behaviours might be different from the specified desired ones.

There are attempts to overcome this issue, and other studies proposing conditions on the sta-
bility of the system even in the presence of model uncertainties. An example is presented in [55],
where the authors propose adaptive HMFC for redundant manipulators. Results are reported,
which suggest that all quantities remain bounded and position and force errors converge to zero.
Adaptive control was already used for robot control as reviewed in [56] and later illustrated in
[57]. The work in [58] extends model-based adaptive control to contact situations and proposes
to use a projector in the form P = I−JT

CJC to achieve a so-called joint space orthogonalisation,
where motion signals are orthogonal to force vectors. This feature is stated to be a generali-
sation of HMFC. A multi-robot hybrid force-motion adaptive control law when environments
are geometrically unknown is presented in [59]. Adaptive control using also vision is used in
[60] to overcome constraint uncertainties. The focus of this review is not on adaptive control,
but it is worthwhile to mention this alternative approach. A hybrid control strategy robust to
uncertainties on dynamic parameters, with a scheme for resolution of kinematic redundancy is
presented in [61].

To explore the impact of potential mismatches between models and real systems, a study of
the stability of HMFC in the presence of model uncertainties is proposed in [62], namely on the
constraint Jacobian. They derive sufficient conditions on the choice of the feedback gains and
the estimation of the Jacobian to retain stability. A method to estimate JC is presented in [63],
which computes the null space of a set of velocity vectors which differ from commanded velocities
during contacts. No force sensor or tactile sensor is needed, however this method implicitly relies
on the intrinsic compliance of the robot when in contact with the environment.

Also, it is important to state that there is still much to investigate in order to answer questions
regarding the importance of contact position and timing and the impact of unmodelled sliding
friction [52].
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4.2 Force Feedback

Most of the HMFC schemes depend on a feedback on force to define an error in force. This
implies the need of a force/torque sensor mounted at the contact point. If the contact happens
only at the end effector, the problem might be solved comfortably. Otherwise, a tactile skin could
be used, with an increase of the complexity of the system and of the overall cost. An alternative
approach is the one proposed in [64] where, by means of a vision system capable of recognising
contacts on the whole surface of the robot, a virtual force sensor is proposed using the so-called
method of the residuals.

It is also possible to avoid the need for a force sensor and an example is the approach in [40].
The force controller compensates for the dynamics of the robot and provides a desired value for
the active force in the form of a feedforward force component. Joint torque readings might also
be used in order to recover contact forces, in the same fashion as in [64].

4.3 Relationship between Hybrid Control and Optimal Control

The use of optimisation methods in robotics is becoming increasingly popular. Optimisation
algorithms become available once the problem can be formulated as a set of linear and nonlinear
equations with a cost function to be minimised. The means to achieve this is to define the problem
of trajectory finding as an optimisation problem. A direct use of projected dynamics in the
definition of an optimal control problem can be found in [65]. Differently, the work in [66] poses
a discrete model of dynamics of contacts as a Linear Complementarity Problem accounting for
friction also. In addition, the work in [67] presents improvements to a Model Predictive Control
approach applicable to high-degree-of-freedom systems. On the same line of reasoning, inelastic
impacts and friction during contacts are accounted for in [68] and [69], where optimisation is used
to find a trajectory and to resolve contact forces while intrinsically satisfying the constraints.
Contact forces are resolved as additional variables in the optimisation. A benefit of this method is
that it does not require the definition of modes to handle contacts, as in [70]. Sufficient conditions
for input-to-state stability of a closed-loop switching tracking error dynamics are provided in [71]
considering the motion-force tracking control problem of a manipulator in contact with a stiff
environment. Also, an analysis of the stability of systems undergoing impacts in the presence of
friction is presented in [72].

Optimisation-based control techniques focus on control and motion planning encompassing
transitions from free motion to contact and vice versa, which HMFC does not include. Generally
in optimisation-based methods, the definition of constraints represents the means to specify
general features of the system and to take into account the model of the system, i.e., imposing
constraints on dynamic consistency is the connection between optimisation techniques and the
classical approaches. In the case of HMFC, this is done by using the model in the controller.

5. Conclusion

Motivated by the fast increasing use of robotic platforms in interactive tasks involving contacts
between robots and environment, we reviewed the literature on hybrid motion/force control
(HMFC) and eased the comparison among the many control schemes.

A critical contribution of this paper is the analysis of the decoupling. A perfect decoupling can
be achieved using the selection matrix S. Using projected dynamics, it is possible to lower signif-
icantly the torques needed to perform the task at the cost of sacrificing decoupling. Decoupling
can be regained using an extension to the scheme, but at the cost of sacrificing the advantage
of lowering the torques, so that there is a substantial equivalence of this scheme to the scheme
using the selection matrix.

As final consideration and remark, we have not claimed that HMFC is the only answer to
control a robot during contacts. We are advocating that this is a very natural control framework
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to be used for tasks involving both motion and force.
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