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Abstract— During human-robot interaction tasks, a human
may physically touch a robot and engage in a collaboration
phase with exchange of contact forces and/or requiring coordinated motion of a common contact point. Under the premise of
keeping the interaction safe, the robot controller should impose
a desired motion/force behavior at the contact or explicitly
regulate the contact forces. Since intentional contacts may occur
anywhere along the robot structure, the ability of controlling
generalized contact motion and force becomes an essential robot
feature. In our recent work, we have shown how to estimate
contact forces without an explicit force sensing device, relying
on residual signals to detect contact and on the use of an
external (depth) sensor to localize the contact point. Based on
this result, we introduce two control schemes that generalize
the impedance and direct force control paradigms to a generic
contact location on the robot, making use of the estimated
contact forces. The issue of human-robot task compatibility
is pointed out in case of control of generalized contact forces.
Experimental results are presented for a KUKA LWR robot
using a Kinect sensor.

I. I NTRODUCTION
In the robotics community at large, there is great excitement about the recent possibility of realizing safe physical
collaboration between human users and a new industrial
generation of lightweight, compliant, and friendly robots [1],
[2]. This technical achievement is the outcome of advances in
mechanics, actuation, sensing, and control that have emerged
in the last few years, from statements of basic requirements
(see, e.g., [3]–[6]) to novel research results (see, e.g., [7], [8]
for the original collision detection algorithm implemented
in the KUKA LWR and iiwa robots). Indeed, more of
such scientific developments and technological transfers are
needed in order to improve further the autonomy, safety, and
ease of use of robotic coworkers in industrial settings and of
personal assistants in service applications.
Along this path, we have proposed a control architecture
for safer physical human-robot collaboration, based on a
hierarchy of three consistent robot behaviors [9]. In this
framework, safety is the innermost layer with the highest
priority of execution: it implies the ability of detecting
and fast reacting to accidental collisions [10] and distinguishing between these and intentional contacts [11], [12];
coexistence is the robot capability of sharing workspaces,
without interfering with humans: it calls for collision avoidance features [13], [14], and robot operative flexibility for
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modifying on line, abandoning, and resuming the originally
planned tasks; finally, collaboration requires the robot to
perform complex tasks involving direct physical interaction
and coordination with humans.
One can consider different possible collaborative tasks
where physical human-robot interaction occurs: carrying a
heavy payload, handing over objects, manipulating limp
materials, holding firmly a part while the partner is operating
on it, and so on. In most cases, regulation of the forces
exchanged at the contact is needed and/or accurate control of
relative motion while keeping in place the original contact.
As additional convenient features, whole-body manipulation
should be possible, with single or multiple contacts occurring
anywhere along the robot structure, and a minimum amount
of extra sensing should be requested, in particular without
the need of a F/T sensor at the wrist or of distributed tactile
sensing for the measurement of contact/interaction forces.
In [15], a method has been developed for estimating the
interaction forces (in direction and intensity) during dynamic
contacts between a robot and a human, with no explicit
force/torque sensing. The method is based on the integrated
use of model-based residual signals that detect the occurrence
of collisions [8] and of one or more external RGB-D sensors
(e.g., Kinects) to approximately localize the contact point on
the surface of the robot links. This ‘virtual force sensor’ was
shown to perform with reasonably good estimation accuracy.
Its output has been used already in a series of humanrobot interaction experiments based on an admittance control
scheme defined at the contact point.
In this paper, we illustrate further the use of the estimated
contact forces for the design of two human-robot interaction
controllers that extend the impedance control method [16]
and the direct force control method [17], respectively to the
case of generic contact locations on the robot. For this reason,
we collectively denote this approach as generalized contact
motion and force control.
While direct force control needs always a measure (or an
estimate) of the contact force, standard joint or Cartesian
impedance control laws require a force measure only if the
natural robot inertia (at the proper level) has to be changed
to a desired one. When the robot inertia is left unchanged,
force sensing is no longer required (the term compliance
control should be used then). The same situation holds true
also for our generalized contact impedance control laws,
simply replacing actual measurements with the use of force
estimates (see also Fig. 1).
When realizing a force control law at the contact level,
task compatibility issues may arise, mainly due to the
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Fig. 1. A schematic comparison of impedance control schemes for a fully
rigid robot arm, when a desired mass-spring-damper behavior is imposed
at the joint-level, at the Cartesian-level, or at the proposed contact-level,
b c can be
in response to a contact force F c . The estimated contact force F
obtained with the method in [15]).

generality of the possible locations of the contact point. A
first reason follows from the arguments already presented
in [15]. When contacts occur on a link close to the robot
base, the estimation method may have too little information
to recover a complete estimate of the applied contact force
(in particular, the contact Jacobian may not be full rank). The
second reason is even more fundamental, and refers to the
type of engaged human-robot contact and its compatibility
with the specification of a desired contact force. A complete
specification of three independent scalar references for the
contact force may be incompatible with the way the human
is pushing on the robot. The situation is similar to defining a
correct task frame in hybrid force/motion control [18], [19,
Chap. 9.6–7]: the robot cannot control forces along contact
directions where the human is not providing a reaction.
While the contact admittance control scheme in [15]
specifies joint velocity references in response to estimated
contact forces, and relies upon low-level servo loops for
their execution, the two control designs presented in this
paper generate torque commands, and assume thus a torquecontrolled robot (viz., motor currents can be imposed). In
addition, an accurate robot dynamic model will be needed for
control implementation. All developments in the paper are
presented for rigid robot manipulators. Accordingly, no joint
torque sensors are used (nor needed) and the ‘virtual force
sensor’ concept and the associated contact force/impedance
controllers can be implemented using only the joint encoders
as proprioceptive sensing.
On the other hand, the presented control experiments
have been performed on a KUKA LWR where the use of
harmonic drive introduces joint elasticity [20]. In practice,
however, the control implementation for this robot is fully

transparent with respect to the presence of compliant joints.
The user defined torque-controlled modality of the FastResearchInterface (FRI) [21] implements the torque controller
originally proposed in [22], and allows to use the available
joint torque sensors both for residual computation and for
control. Moreover, for all model-based computations we have
used our own identified dynamic model of the LWR link
dynamics [23].
The paper is organized as follows. Section II sets the
notation and includes a short summary on the contact force
estimation method [15] used in the remainder of the paper.
Section III recaps in a compact way the standard impedance
and direct force control laws for a single mass subject to an
external contact force. The generalization of these control
schemes to handle contact situations occurring at a generic
point of a multi-dof robot manipulator is detailed in Sec. IV.
Section V reports on several experimental results obtained
with the proposed control methods during physical humanrobot interaction with a KUKA LWR 4 robot and a Kinect
sensor.
II. P RELIMINARIES
For a robot manipulator having n serial joints, with
associated generalized coordinates q ∈ Rn , assume that a
motion/force interaction task is defined for a contact point
xc ∈ R3 whose direct kinematics map is given by xc =
f (q). Differentiating this twice w.r.t. time yields
ẍc = J c (q)q̈ + J̇ c (q)q̇,

(1)

where J c = ∂f (q)/∂q is the 3 × n contact Jacobian matrix.
Note that if the contact point is located on link k (k =
1, . . . , n), the last n − k columns of J c will be identically
zero. In most cases, the robot is redundant respect to the
given interaction task, being k > 3.
At a given robot state (q, q̇), all joint accelerations associated to a desired acceleration ẍc of the contact point can
be written as
q̈ = J #
c (ẍc − J̇ c q̇) + P c q̈ 0 ,

(2)

where J #
c is a n × 3 generalized inverse of the contact
Jacobian, q̈ 0 ∈ Rn is an arbitrary joint acceleration, and
P c = I − J#
c J c is a projector in the null space of J c .
The dynamic model of a rigid manipulator interacting with
the (human) environment at a robot point xc is given by
M (q)q̈ + C(q, q̇)q̇ + g(q) = τ + J Tc (q)F c ,

(3)

with positive definite inertia matrix M , Coriolis and centrifugal velocity terms C q̇ (factorized by the Christtoffel
symbols), gravitational terms g, control torque τ ∈ Rn ,
and joint torque τ c = J Tc (q)F c resulting from the contact
interaction force F c ∈ R3 . We will use also the compact
notation n(q.q̇) = C(q, q̇)q̇ + g(q).
In the framework of operational space control [18], it has
been shown that using the inertia-weighted pseudoinverse
as the generalized inverse in (2) guarantees consistency of
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the transformation of task forces in the robot dynamics. The
inertia-weighted pseudoinverse of contact Jacobian is
−1 T
J#
J c (J c M −1 J Tc )−1 .
c,M = M

(4)

In the following, to simplify notation, each pseudoinverse
J#
c is to be intended as the inertia-weighted one given by (4).

III. I MPEDANCE AND F ORCE C ONTROL
FOR A S INGLE M ASS
As an introduction to the control design for the general
multi-dof robotic case, consider first a very simple 1-dof
example. As shown in Fig. 3, a single mass m moves on
a frictionless horizontal plane under the action of a control
force f and of a contact force fc . The dynamic equation is
mẍ = f + fc .

A. Contact force estimation

(8)

The residual vector r ∈ Rn for a robot with dynamics (3)
is defined as [7]

Z t
 
r(t) = K I p −
τ + C T (q, q̇)q̇ − g(q) + r ds ,
0

(5)
where p = M (q)q̇ is the generalized momentum of the
robot and K I > 0 is a diagonal gain matrix. The dynamic
evolution of r has the stable, first-order filter structure

Fig. 3.

A mass m subject to a control force f and a contact force fc .

A. Impedance control

ṙ = K I (τ c − r).

The ‘inverse dynamics’ control law
Thus, for sufficiently large gains, we can assume that
r ' τc =

J Tc (q)F c .

f = ma − fc ,
(6)

Equation (6) forms the basis for the estimations of the
unknown contact force F c ∈ R3 . Using external sensing,
the location of the contact point xc can be determined, and
thus the associated contact Jacobian J c can be computed.
Depending on which link in the kinematic chain is involved
in the contact, (6) may consist of a square, under-, or overdetermined linear system. In any case, the contact force is
estimated by pseudoinversion as
#

b c = J T (q) r.
F
c

b c will be limited only to those compoIndeed, the estimate F
nents of F c that can be detected by the residual r, namely
those contact forces that do not belong to the null space
N (J Tc (q)). For further details and for the analysis of cases
when the contact Jacobian is not full rank, see [15].

Fig. 2.

transforms system (8) into the double integrator
ẍ = a.

A view of the result of the on-line estimation of the contact force

(10)

The auxiliary input a has to be designed so that the controlled
mass m, under the action of the contact force fc , matches the
behavior of an impedance model characterized by a desired
(apparent) mass md > 0, desired damping kd > 0, and
desired stiffness kp > 0, all with respect to a smooth motion
reference xd (t), or
md (ẍ − ẍd ) + kd (ẋ − ẋd ) + kp (x − xd ) = fc .

(7)

(9)

(11)

This is obtained by using the control force


m
m
f=
(ẍd + kd (ẋd − ẋ) + kp (xd − x)) +
− 1 fc .
md
md
(12)
For kd2 < 4kp md , the second-order linear system (11) is
characterized by a pair of asymptotically stable complex
poles with natural frequency and damping ratio given by
r
kp
kd
ωn =
,
ζ= p
.
(13)
md
2 kp md
Reducing the desired mass md , for given values of stiffness
and damping, will increase both the angular frequency and
the damping ratio, and thus improve transients. On the other
hand, for a given mass, an increase of the stiffness kp should
be accompanied by an increase of the damping kd in order
to prevent more oscillatory transients.
If the desired mass equals the natural (original) mass, i.e.,
md = m, a measure of the contact force fc is no longer
needed in the impedance controller (12) —which is then
also called a compliance control law, since the main design
parameter left is the desired stiffness kp . In particular, for
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regulation tasks (with xd (t) = xd = constant) the control law
collapses just to a PD action on the position error e = xd −x,
f = kp (xd − x) − kd ẋ.

(14)

The system will converge to x = xd if and only if there is
no contact force. With fc 6= 0 but constant, there will be
convergence to the closed-loop equilibrium xe satisfying
kp (xd − xe ) + fc = 0

⇒

xe = xd +

fc
.
kp

(15)

If we desire to control directly the contact force to a
desired (possibly, constant) value fd , it is necessary to build
a force error ef = fd − fc into the control law. After using
eq. (9), define the auxiliary input a as
1
(kf (fd − fc ) − kd ẋ)
(16)
a=
md
with force error gain kf > 0 and velocity damping kd > 0.
The associated control force is then
m
f=
(kf (fd − fc ) − kd ẋ) − fc .
(17)
md
A contact force measure is always needed in this case, even
if we choose md = m. The closed-loop system becomes
(18)

which shows that the force error ef goes to zero if a constant
contact force is applied. However, the actual position x = xe
reached at the equilibrium is not known a priori, and will
depend on the actual history of the external contact force.
IV. G ENERALIZED C ONTACT M OTION AND F ORCE
C ONTROL FOR ROBOTS
We extend here the control design results of Sec. III to a
generic robot contact point xc of a robot manipulator, and
b c , as
consider also the use of the contact force estimation F
provided by (7), in place of the real measurement, each time
this will be needed.
A. Impedance control
Starting from robot model (3), and dropping from now
on dependencies for the sake of compactness, consider the
inverse dynamics control law
b c,
τ = M a + n − J Tc F

c

d

b c.
+ M P q̈ 0 + n − J Tc F

B. Force control

md ẍ + kd ẋ = kf (fd − fc ),

ẍc from (20) and using (2), the control input a is obtained
as


−1
b c +P q̈ 0 ,
a=J#
M d ẍd +K d ė+K p e−M d J̇ c q̇+ F
c Md
(21)
with contact position error e = xd − xc . Thus, the resulting
torque control input is


bc
τ = M J # M −1 M d ẍd + K d ė + K p e − M d J̇ c q̇ + F

(19)

b c is the estimated contact force. In ideal design
where F
conditions, the above control law realizes a feedback linearization, leading to a system of double integrators q̈ = a.
The auxiliary control input a is chosen so as to impose
a mechanical impedance model between the (estimated)
b c and the motion of the contact point xc , or
contact forces F
b c , (20)
M d (ẍc − ẍd ) + K d (ẋc − ẋd ) + K p (xc − xd ) = F
being M d > 0 the desired inertia matrix, K d > 0 the
desired damping matrix, K p > 0 the desired stiffness matrix
(very often, these matrices are taken as diagonal), and xd (t)
the smooth desired trajectory of the contact point. Solving for

(22)
b c is given by
In (22), observe that the contribution of F


−1
T
b
τ = . . . + MJ#
(23)
c M d − J c F c.
As expected, when choosing the desired inertia matrix M d
equal to the natural Cartesian inertia of the robot at the
bc
contact point, also the estimation of the contact forces F
will no longer be needed. At a given configuration q, the
natural inertia of the robot at a generic contact point is
−1

M d = J c M −1 J Tc
.
(24)
−1
T
By using (4), it is easy to see that M J #
c M d − J c = 0.
Whenever we desire to impose a different inertial behavior
at the contact, e.g., so as to achieve different behaviors in
different directions of the operative space, we shall make use
b c.
of the contact force estimate F

B. Force control
The impedance method realizes only an indirect control of
the forces exchanged during the interaction with the human,
dynamic balancing with the desired position xc of the contact
point. The development of a direct controller for the contact
force is crucial for collaborative tasks that needs accurate
execution in uncertain conditions.
With the reference to (19), choose in place of the auxiliary
command (21), the following acceleration


−1
b
a = J#
M
K
(F
−
F
)
−
K
ẋ
−
M
J̇
q̇
+P q̈ 0 ,
f
d
c
d c
d c
c
d
(25)
where F d is the desired force at the contact point, the contact
b c , and K f > 0 is the force error
force error is ef = F d − F
gain matrix. Replacing (25) in (19), the final torque control
input is


−1
τ = MJ#
K f ef − K d ẋc − M d J̇ c q̇
c Md
(26)
b c.
+ M P q̈ 0 + n − J Tc F
Similarly to (18), the closed-loop system is described by
b c ),
M d ẍc + K d ẋc = K f (F d − F

(27)

which shows again that the force error should go to zero
whenever a constant contact force is applied. Nonetheless,
the issue of task compatibility remains open. In the above
expression of the control law for the human-robot contact
forces, the specification of the desired force F d is apparently
an unconstrained one. We shall see in the experiments that
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a careful choice of F d should be made so as to avoid
inconsistent and drifting behavior of the robot, with serious
consequences for safety.
!"

V. E XPERIMENTAL RESULTS
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Fig. 4.
The set-up and the Cartesian reference frame for the contact
impedance control experiments. The color of the X, Y , and Z axes are
the same used for the associated components in the following plots.
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Similarly for the force control law it is


−1
τ = MJ#
K f ef − K d ẋc − M d J̇ c q̇
c Md
b c.
− M P K N q̇ + C q̇ − J Tc F
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Dynamic human-robot interaction experiments using the
proposed controllers have been performed on a KUKA LWR
4. The workspace is monitored by a Microsoft Kinect depth
sensor, positioned at a distance of 1.7 m behind the robot
and at a height of 1.1 m w.r.t. the robot base frame. The
Kinect provides 640 × 480 depth images at 30 Hz rate. All
algorithms are executed on a quad-core CPU. The complete
process of contact force estimation and motion and/or force
control run on the robot at 5 ms cycle time.
With reference to the impedance control law (22), define
xd = xc (tc ) ∈ R3 as the initial (and constant) position
of the contact point when the interaction with the human
begins at t = tc . The desired velocity and acceleration are
set then to zero, ẋd = ẍd = 0. Due to the redundancy of this
robot with respect to many tasks, a null-space acceleration
vector has been chosen as q̈ 0 = −K N q̇, with K N > 0, in
order to bound/damp out self-motion movement of the arm.
Finally, recall that the KUKA LWR 4 has a built-in gravity
compensation. Thus, the actual impedance control law used
to command the robot was


bc
τ = M J # M −1 K p e − K d ẋc − M d J̇ c q̇ + F

All experiments presented in this paper are recorded in
the accompanying video clip. The plots can be even better
appreciated when looking in parallel at the video.
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A. Impedance control with natural contact inertia
In the first experiment, the human pushes the robot at
different contact points and on different links, as shown in
the snapshot of Fig. 4. The control law is given by (28), with
the desired inertia matrix at the contact chosen equal to (24).
The other impedance parameters were set to K d = 80 · I 3 ,
K p = 500·I 3 , and K N = 20·I 7 , where I k denotes the k×k
identity matrix. Figure 5 shows the behavior of the residual
vector, of the contact force estimate, and of the Cartesian
position error of the contact point with respect to its initial
position xd = xc (tc ).
B. Impedance control with modified contact inertia
In this experiment, the impedance scheme (28) was used
again during the human-robot interaction. However, the desired inertia matrix at the contact point was set to


20 0 0
Md =  0 3 0  ,
0 0 10

Fig. 5. Contact impedance control with desired inertia matrix at the contact
equal to the natural one. Residual vector components [top]. Estimated contact force components [center]. Contact position error components [bottom].

i.e., different from the natural one (which was also coupled).
Non-uniform values were chosen on the diagonal, so as to
obtain different behaviors along the three Cartesian axes –
see also Fig. 4. To enhance this effect, the human pushes the
robot always on link 6, although in different directions. The
other impedance parameters used were the same as in Sec. Vb c are needed
A. In this case, the estimated contact forces F
by the control law in order to obtain the desired mass-springdamper system. Figure 6 shows the same quantities of the
previous impedance control experiment. When the contact is
initially detected, the robot will move the contact point with a
dynamics that depends on the direction of the external force.
When the hand is removed, the robot brings back the contact
point to the original initial position. As shown in Fig. 6 (third
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plot), the error returns closer to zero on the y axis, where
Md,y = 3. By increasing the desired inertia, the error natural
frequency and damping decrease, as indicated by (13), and
transients will worsen (see, e.g., the x axis at t = 15 s).

#"
$"

30

Residual [Nm]

20
10
0

Fig. 7. The set-up and the Cartesian reference frame for the contact force
control experiments. On the left, the human is pushing along the Y direction
where a non-zero desired force is specified (Fy,d = 15 N). On the right, a
drift effect occurs due the absence of a human reaction in the Y direction
(a force is applied approximately along the X direction only).
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Fig. 6.
Contact impedance control with modified inertia matrix at
the contact. Residual vector components [top]. Estimated contact force
components [center]. Contact position error components [bottom].

4

6

8

10
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C. Contact force control with possible drift effects
The purpose of this experiment was to show that it is
highly not recommended to try to regulate human-robot contact forces at arbitrary values and in multiple fixed directions
of the Cartesian space. When the human does not push or
resist along a direction where a non-zero force reference
has been specified, the robot typically drifts in space in
the attempt to regulate the incompatible desired force. This
could be dangerous because an unexpected movement occur,
through which the robot may collide with the human. With
this in mind, the parameters were set to K d = 10.5 · I 3 ,
K f = 4.1 · I 3 , K N = 15 · I 7 , and the desired contact force
T
was chosen as F d = 0 15 0
, i..e., only in the Y
direction. Figure 8 shows the behavior of the residual vector
r, of the contact force estimate Fbc , and of the Cartesian
velocity ẋc of the contact point. When the human pushes
the robot (on link 6) along the Y axis, the robot reacts
properly and regulate the force components to the desired
level. However, when the human pushes the robot along the
X direction, a drift occurs along the Y direction, as shown
in Fig. 8 (e.g., at t = 14.8 s).
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ẋc,z

0.5

0

−0.5

−1
0

2

4

6

8

10

12

14

16

18

20

Time [s]

Fig. 8. Contact force control with drift motion due to task incompatibility.
Components of the residual vector [top]. Modulus of the estimated contact
force [center]. Components of the Cartesian contact velocity ẋc [bottom].
When the human pushes along the Y direction, regulation occurs (see the
first 12 s). The human pushing along the X direction (where Fx,d = 0) will
be accommodated by a robot retraction, whereas the absence of a human
reaction in the Y direction (where Fy,d = 15 N) does not allow force
regulation and generates large velocity drifts in that same direction (see the
last 6 s in the third plot).

robot successively on link 3, link 5, and then link 6 (see
the associated behaviors of the residuals in Fig. 9, [top]).
To avoid incompatibility with the human, only the norm of
the desired contact force F d has been, here as a constant
kF d k = 15 N. However, F d will change direction according
to the human-robot contact type, and being always aligned
with the estimated contact force vector which may now vary
without any restriction. We will have thus,

D. Contact force control with task compatibility
The contact force control scheme (29) was used in this
interaction control experiment, where the human pushes the
2303

Fd,x = 15

Fbc,x
,
b ck
kF

Fd,y = 15

Fbc,y
,
b ck
kF

Fd,z = 15

Fbc,z
.
b ck
kF

The other force control parameters used were the same as
in Sec. V-C. Figure 9 shows the same quantities of the
previous force control experiment. Note that the controller
starts operating after the first detection of a contact. When
the human pushes the robot, it gets compliant in order to
regulate the contact force at the desired value. When the
human tries to recede, the robot pushes against the human
b c = F d . The fact that
hand so as to maintain the desired F
the human may abandon the contact and then resume it in
a different point and along a different direction is no longer
a problem for this correctly defined contact force controller.
On the other hand, this force control law is able to regulate
contact forces only in static conditions (i.e., when ẋc = 0).
While the human is moving the robot during a contact, some
error will result as shown in Fig. 9.
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ẋc,y
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Fig. 9. Contact force control is here designed for automatic task compatibility. Components of the residual vector [top]. Modulus of the estimated
contact force [center]. Components of the Cartesian contact velocity ẋc
[bottom].

VI. C ONCLUSION
We have expanded the portfolio of controllers for physical
human-robot interaction tasks, introducing the concept of
motion and/or force control at any contact point on the
robot. Generalizations of classical impedance and direct
force control schemes have been introduced and implemented
without the explicit need of a force sensor, relying on a fast
estimation of contact forces. Beside developing and refining
further such basic robotic skills for safe collaboration, our
next step will be their application to concrete and specific
tasks (e.g,, performing human-robot collaborative assembly)
within the industrial use cases of the SAPHARI project. We
also wish to exploit the robot redundancy for controlling

motion in the plane perpendicular to the estimated contact
force (i.e., achieving hybrid force-motion control).
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