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Abstract— Internally measured torques of a KUKA LWR
4+ and the sensor signals of an external force and torque
sensor, mounted at the wrist of the robot, are exploited during
a dynamic in-contact task. That way, the robot is compliant
to human touches at links above the end effector, while the
robot is in force control and the end effector robust against
disturbances. The task is a wiping movement, whose trajectory
and force profiles are learned from demonstration by the robot.

I. INTRODUCTION

In this paper, the signals of the internal torque sensors of
a KUKA LWR and an external force torque sensor (FTS)
are used to determine if a force is only applied to the end
effector of the KUKA LWR or also to a link above the end
effector at the robot body. Based on this estimation, the robot
becomes either compliant to the interaction force or not.

There are several other approaches to estimate the contact
location of an applied force. Magrini et al. [1] use the
internal joint torque sensors of a KUKA LWR 4+ and an ad-
ditional depth camera to determine the magnitude and contact
location of a force acting on the robot. This method provides
an estimation of the contact location on the robot body.
However, the approach would also require an additional FTS
to be able to record a force profile by demonstration. Rozo et
al. [2] use a camera to change the compliance of a KUKA
LWR during a human collaboration task based on force
and vision information. Another approach for estimating
the contact location of a force is an artificial robot skin.
Kronander and Billard [3] use such kind of sensor to change
the compliance of a KUKA LWR, if a force is applied to
the artificial skin in a specific normal direction to the sensor
surface.

Our approach proposes a control strategy, which enables
the robot to be compliant to human touches at links above the
end effector at the robot body during a dynamic in-contact
task, while the robot is in force control and the end effec-
tor remains robust against disturbances. The implemented
control scheme has the advantage, that it only makes use
of the internal joint torque sensors of a back-drivable robot
equipped with an external FTS, which is already needed dur-
ing force profile learning from demonstration. This enables
an intuitive interaction with the robot body during execution
without the requirement of additional sensors.
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II. METHOD

The setup is a KUKA Light-Weight Robot 4+ with an
additional external FTS mounted at the end effector.

A. Cartesian impedance control

The robot is in Cartesian impedance control during exe-
cution with the control law

τ = JT (κ(xdes − xmsr) +wext +D) + fdyn(q, q̇, q̈) , (1)

whereas τ is a vector containing the seven joint torques,
JT is the transposed Jacobian matrix of the robot, κ is the
Cartesian stiffness, xdes the desired and xmsr the measured
position of the end effector, wext the external wrench applied
to the end effector,D is the damping matrix and fdyn(q, q̇, q̈)
takes into account the dynamic properties of the robot.

B. Internal and external force sensing

Throughout the work, the difference in internally and
externally measured force is used as a criterion to change
the robot’s behavior. Internally measured force refers to the
absolute values of the Cartesian wrench estimation, described
by (

Fi
Mi

)
= (JT )

′
τext , (2)

in which Fi is the Cartesian force and Mi the Cartesian
torque vector. (JT )

′
is the inverse of the transposed Jacobian

and τext is the vector of the externally applied joint torques.
The term external force Fe refers to the absolute value of the
force that is provided by the external FTS.

The difference in internally and externally measured force
is described by

4F = Fi − Fe , (3)

where Fi = ‖Fi‖ is the absolute internally estimated force
and Fe = ‖Fe‖ the absolute force, measured by the external
FTS.

C. Human collaboration task

Figure 1 shows the states (A,B,C,D) and switching con-
ditions of the desk wiping task. In the beginning, the robot
is in gravity compensation (A) with a very low stiffness.
A human demonstrates the wiping movement to the robot
by pressing the end effector on the table and showing the
movement (B). The Cartesian trajectory and the force profile
of the external sensor is stored. After lifting the end effector
from the surface, the robot is in gravity compensation again
(C). When the user presses the end effector on the surface,
the execution begins. In the execution state (D), the robot
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Fig. 1. States and switching conditions of desk wiping task.

is impedance controlled by a high stiffness in x- and y-
direction to track the position and it is force controlled in
z-direction by setting a very low stiffness in that axis. This
is achieved by commanding the Cartesian coordinates of the
stored trajectory relatively to the new starting point and the
force profile in z-direction to the robot. A proportional force
controller uses the measured force in z-axis of the FTS to
track the desired force profile.

D. Compliance to human touch

The robot executes the previously demonstrated motion
as long as 4F does not exceed a certain threshold. The
threshold can be exceeded by applying a sufficient magnitude
of force to a link above the end effector. During execution,
the absolute values of the estimation of the Cartesian force by
the robot Fi, and the measured force by the external sensor
Fe are almost identical, as can be seen in Fig. 3.

If force is applied to a link above the end effector, it is
only taken into account by the internal estimation. This is the
case because a force applied to a link above the end effector
will lead to an increase in the joint torques prior to this link.
The internal estimation of the Cartesian force Fi assumes
that the increases in the joint torques are caused by a force
applied to the specified contact point at the end effector, that
was used to calculate the Jacobian. The external force sensor
is not able to detect that force. We exploit this mechanism,
so that the difference in force is used as a feature to switch
the robot into gravity compensation again and allowing user
interaction.

III. EXPERIMENTS

We conducted a desk wiping experiment with user inter-
action. Figure 2 shows a person touching a link above the
end effector, so that the robot stops the wiping movement
and switches into gravity compensation (Fig. 1, state C).
Figure 3 shows the force profile of the internal and external
force and their difference during execution. At time 3.25 s,
marked by the vertical dashed line, the user interacts with
the robot at a link above the end effector which caused the
force difference 4F to exceed the threshold of 20N . This
threshold is marked by the horizontal dashed line in the
graph. This event leads to a transition from the execution
state (D) into the gravity compensation state (C).

Fig. 2. Robot switches from execution into gravity compensation when
touched above the end effector.
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Fig. 3. Forces if human contact force is applied to a link above end effector.
During the first 3 seconds the robot is executing the wiping movement. The
human contact causes 4F to exceed the threshold (horizontal dashed line)
at the time marked by the vertical dashed line.

IV. CONCLUSION

By comparing the internal estimation with the external
measurement of the Cartesian force, we implemented a
control scheme that is compliant to forces, which are applied
to links above the end effector, while the robot is in force
control at the end effector. The execution is robust to
disturbances at the end effector such as deviations of the
contact surface or other external forces.
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“Learning collaborative impedance-based robot behaviors,” in Twenty-
Seventh AAAI Conference on Artificial Intelligence, 2013.

[3] K. Kronander and A. Billard, “Learning compliant manipulation
through kinesthetic and tactile human-robot interaction,” IEEE trans-
actions on haptics, vol. 7, no. 3, pp. 367–380, 2014.


