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EXTENDED ABSTRACT

Robotics research is looking forward to the possibility
of bringing closer humans and robots. Thus, realization of
safe physical interaction and/or collaboration is becoming an
increasingly relevant features in both industrial and service
environments. Robots co-workers may collaborate with the
humans combining and enhancing the skills of both the robot
and the human.

Safety must be guarantee in any case. To achieve this
skill, the use of lightweight robots, with intrinsic compliance
and equipped with joint torque sensor [1], is combined with
the use of external sensors to monitor the workspace [2],
and control capabilities for collision avoidance [3], and
physical contact detection and reaction [4]–[6]. Moreover,
physical Human-Robot Interaction (pHRI) is characterize by
a suitable exchange of contact forces which can occur at
any point on robot surface. In the common industrial HRI
practice, contacts may only occur at the end-effector level
of the robot. This assumption has been relaxed using a
novel approach where the contact point is identified using
an external depth sensor [7]. The knowledge of dynamic
model of the KUKA LWR robot [8] allows to switch from
the more traditional position control to direct torque control
such as impedance or force controls. According to nested
paradigm for pHRI [9], the robot has to detect a contact
with the human, and distinguish between intentional contact
or undesired collision, to guarantee alway a safe coexistence.

The (link) dynamics of KUKA LWR is

M(q)q̈ +C(q.q̇)q̇ + g(q) = τ J − τF + τ ext, (1)

where q ∈ Rn is the link position vector, M is the (link)
inertia matrix, C are the Coriolis and centrifugal terms, g is
the gravity vector, τ J is the joint torque, τF is the friction
torque, and τ ext is the (unknown) external torque resulting
from some collision or contact with the human/environment.

Knowing all the terms in the dynamic model (1), except
for the external torque τ ext, we can compute [5] the residual
vector r ∈ Rn as

r=KI

(
p−

∫ t

0

(
τ J − τF +CT(q, q̇)q̇ − g(q) + r

)
ds

)
,

(2)
where p = M(q)q̇ is the generalized (link) momentum
of the robot, and KI > 0 is a diagonal gain matrix.
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The residual provides an approximation (a first-order, stable,
filtered version) of the unknown torque τ ext, with r ' τ ext,
for sufficiently large KI .

To distinguish in efficient way the nature of the contact,
we consider two residual vectors rL and rH having different
bandwith, computed using two different gain matrices KL

and KH respectively, with kHj,j
> kLj,j

for j = 1, . . . , n.
It should be noted that soft (desired) contacts excite in the
same way both residuals rL and rH . On the other hand, in
case of hard and fast (undesired) contacts rH will be excite
more than rL.

Let define a signal σ(t) that indicates the presence or not
of an undesired collision. It is computed as

σ(t) =

{
1 if ∃j:

∣∣∣ r̄H,j(t)
rL,j(t)

∣∣∣ ≥ σth,j j = 1, . . . , n

0 else,

where

r̄H,j(t) =

{
rH,j(t) if |rH,j(t)| ≥ rth,j
0 else.

As a residual with higher gains values is more sensitive
to torque measurement noise, a threshold rth,j > 0 has
been introduced to prevent false collision detection during
the robot motion. Figure 1 shows the results of a qualitative
experiment in which the robot, during a task execution,
collides the human three times as shown by signal σ(t).
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Fig. 1. Undesired collision detection experiment: components of rL and
rH associated to the the first joint and threshold rth,1 = 16 Nm (first
plots at the top), signal σ(t) (second). Collisions detected at t = 1.6 s,
t = 22.5 s and t = 28.3 s.



Knowing the contact point pc, it is possible to extract from
the residual r also an estimate of the contact force F c as

F̂ c =
(
JT

c (q)
)#

r, (3)

namely by pseudoinversion of the transpose of the 3 × n
Jacobian matrix Jc = (∂pc/∂q) related to the contact point.

In [7], a preliminary strategy for human-robot collabora-
tion has been implemented using the estimated contact force
in an admittance control scheme, where the robot was in
position control mode. On the other hand, by knowing all the
terms in (1), we are able to exploit the torque control mode
capability of KUKA LWR. Thus, the estimated force can be
used in an impedance control scheme or force control both
realized at the contact point. Figure 2 shows the results of a
preliminary experiment performed on KUKA LWR using a
force control scheme. The human touches the robot on link 6
for a while. During the contact phase, the (estimated) contact
force reaches the desired value F d = 15N . To avoid drift
phenomena, the direction of F d is the same of F c.
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Fig. 2. Force control experiment: estimated contact force F̂ c and desired
force F d = 15N (on the top), components of the force error (bottom).
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