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The mobile service robots will share their workspaces e.g.
offices, hospitals or households with humans. Thus a
direct contact between man and machine is inevitably.
Robots equipped with appropriate sensors can sense the
touch. In this paper we present how an untrained user can
intuitively interact with the new DLR light-weight robot
just by touching the arm. The robot with 7 dof’s will react
by an evasiveness motion of the touched links while
remaining the orientation of the TCP. This feature can also
be used for programming the robot. Programming by
“touch” isvery intuitive as you take the robot at hand and
demonstrate the movements.

Office, hedlth-care, and housekeeping robotics focus on
the employment of assistant robot systems in everyday
domestic settings. These types of service robots will work
in direct contact with humans. They will perform smple
fetch-and-carry tasks or more complex tasks like setting
the table. So far, robot systems have only been able to deal
with the high complexity and the wide variability of
everyday surroundings to a limited extent. This
complexity and variability place high demands on the
robot®intelligence and autonomy, demands that cannot be
fully satisfied given the current state of the technol ogy.
This lack of sufficient machine intelligence makes it
necessary to offer the user an intuitive and powerful
interface commanding and teaching the robot system. The
communication between the robot and the untrained user
must be to some extent natura, so that the user will not
consider it a burden. From the user point of view speech
and gestures are natura and simple communication
channels expressing precise robot commands. Interaction
with the robot may further occur over multi-modd,
portable control devices, similar the indudtrial robot teach-
devices (See Fig. 5). They are mainly used in
commanding and teaching the service robot in a similar
way to the programming of theindustrial robots.

Besides the above mentioned intuitive communication
channels (programming using speech and gesture) the user
should also be able to command and to control the service
robot by direct touching the arm. If the service robot is
equipped with sensors detecting contact over the entire
arm this sense —direct physical contact- can be used in
two different ways.

1. The robot performing a planned task senses
forces on its arm (touch). This can be interpreted
as an unforeseen collison and sophisticated
collision avoidance mechanisms have to take
place.

2. Vice versa, the user deliberately touches the
robot arm. The intention can simply be a “Don’t
get to closeto me” or “ Go away”.

But the touch can also be used for

Fig. 1 DLR mobile service robot with 4-finger-hand

In this text we will present our works using the sense of
touch as an intuitive and powerful robot human interactive
communication principle.  The experiments were
performed with the DLR light-weight robot arm. The



paper is organized as follows. Section 2 describes the
robot system and its sensors. In section 3 we present the
robot control architecture. Section 4 describes the
redundant inverse kinematics system, which plays an
important role in performing appropriate robot reactions
depending on the current robot task and the interpretation
of the touch. In section 5 we present some applications
using the touch as a human robot interaction. Finally, we
summarize the results and give a short outlook on the
future work.

For service robotics applications the DLR's robotic lab
has developed a robot with kinematics and sensory
feedback capahilities similar to the human arm. DLR's
new light-weight robot incorporates a lot of advanced
technologies for such a new generation of service robots.
The most important features are high load to own weight
ratio, joint torque control (allowing programmable
impedance, stiffness and damping), increased flexibility
and manipulability due to a 7 degree of freedom
kinematics, low power consumption and fully integrated
electronics and sensors.

For service robotics and mohile robots very light-weight
arms with a good ratio of payload to weight are required.
Our robot arm mounted on a maobile platform is able to
dynamically move masses of 8kg. With our dexterous
hand, the manipulator is able to perform various handling
tasks in human environments. The overall length of the
arm is about 1m. A detailed description of the new DLR
light weight robot can be found in [1].

Fig. 2 The new DLR light-weight robot

Considering the application fieds for this robot was
designed, a main focus obvioudly had to be the ability to
perform compliant manipulation in contact with an
unknown environment. The robot should be able to
guarantee the safety of humans interacting with it not only
at the TCP, but aso along the entire robot structure. This
was one of the main motivations for introducing torque
sensors in each joint, alowing not only gravity
compensation (thus emulating outer space conditions), but
also stiffness and impedance control.

Another chalenging control problem results from the
light-weight design of the robot, which inherently leads to
increased joint elagticity. Since the links can be regarded
as rigid compared to the joints, a flexible joint robot
model can be assumed. Thisimplies a fourth order model
for each joint. Therefore, by measuring the motor position
Om and the joint torque t and by computing the numerical
derivatives dg,, and dt, the complete joint state can be
obtained. Our control dtrategy is to use the available
sensors to implement the desired task behavior as well as
to compensate the effects of joint elasticity.

The firg stage in the controller development was a joint
state feedback controller with compensation of gravity
and friction.

Fig. 3 State feedback controller with gravity compensation

In our opinion, this structure represents, the minimal
configuration that can provide both positioning accuracy
and effective oscillation damping. The controller
congtitutes a direct extension of the PD controller till
used in most industrial robots to the case of manipulators
with joint elagticity. It is proven to be passive and global
asymptotically stable for a wide range of parameters
[2.[3].

An important feature of this controller structure is that, by
a suitable parameterization, it can be used to provide a
position, a torque, as well as an impedance controller. In
fact, the position and the torque controllers are



implemented as special cases of the impedance contraller,
for maximal and zero stiffness respectively. The gains are
computed onling, to provide the desired joint stiffness and
damping. The state feedback controller is implemented in
a decentralized manner on the signal processors in each
joint, with a high sampling rate (3kHz).

Using joint parameter identification and CAD modeling of
the rigid robot components, an accurate robot model was
obtained, which was subsequently used for the design and
simulation of model based controllers[3].

There exist many powerful theoretical results concerning
the position control of flexible joint robots. They include
singular perturbation and integral manifold [4],[5],[6],
feedback linearization [4] and dynamic feedback
linearization [7], passivity based and adaptive control
methods [8],[9]. Their practical implementation is
problematic due to the complex computations, the high
derivatives of the dgnas or the accurate model
parametersrequired. Nevertheless, the proposed controller
structure can be extended to implement simplified
versions of some of these controllers.

4-th order joint state feedback: gm, dgm, t, dt
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Fig. 4 controller architecture

A firs extension of the controller sructure uses the full
robot dynamics for the controller design. Subsequently,
the controller gains are adjusted onling, taking into
account not only the desired stiffness and damping, but
also the variable link inertiafor each joint.

The rigid robot dynamics and the Cartesian level control
are computed on a PowerPC that is connected to the joint
controllers through a serial connection with a 1ms
sampling rate. The robot constitutes an optimal platform
for testing and comparing various Cartesian control

methods, by accessing one of the three interfaces on joint
level (Fig. 4). For instance, to implement force control,
one can directly access the joint torque interface or
aternatively, use the inverse kinematics and access the
joint position controller. In the same way we implemented
Cartesian stiffness control based on each joint controller.
Although from atheoretical point of view one may expect
similar results with the various methods, in practice the
performance proved to be different due to effects such as
model errors, friction and sampling rates. Therefore, it is
the specific task that dictates the most efficient approach.
Generally it is useful to choose the solution that requires
maximal bandwidth in the joints and minimal bandwidth
in the Cartesian task.

The singularity robust inverse kinematics module for
redundant manipulators performs the Cartesian position
control. It enables collison avoidance and the
optimization of additional task dependent criterions
[10],[11],[12].

Recent teaching algorithms enable the teacher to point out
different Cartesian positions, congtituting a Cartesian
trajectory. This procedure is sufficient for non-redundant
robots. Redundant mechanisms provide additional dof’s,
which are - until now- not explicitly considered during
the Cartesian teach phase. Therefore, the manipulator
configuration cannot be specified during teach phase,
which may lead to an undesired behavior of the redundant
robot.

Fig. 5 Advanced industry robot control device

Teaching is mainly performed via some 6 dof teach-
device, attached to the tool center point (TCP) of the
manipulator. Extending this approach, we will consider
attaching the teach-device to an arbitrary joint  Cutting
the kinematics chain of therobot at thejoint while fixing
the TCP, we obtain two kinematics sub-chains (see Fig. 6,
Fig. 7). The Cartesian position of one kinematics sub-
chain ismodified by the commands of the teach-device.



Fig. 7 Divided kinematics chain, teaching thejoint while
TCPremains fixed

As a result, the user is able to introduce a desired null-
space motion. The maximum dof * for this kind of
motion is of course dependent of the minimum dof of the
two sub-chains divided by joint and the degree of
redundancy = dof - 6.

Cartesian position and orientation  =f( ) of the end-
effector can be described as a functionf of the vector of
joint variables of the manipulator. While this equation
can be easily obtained, the inverse problem is crucial. In
redundant case it is generally not possible to find an
inverse mappingf !, Instead of constructing an inverse
function analytically, the problem is often reformulated in
the velocities utilizing the partial derivation of f( ).
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Due to the fact that the inverse of the non-square Jacobian
() does not exist in the redundant case, a generalized

Moore-Penrose pseudo inverse ¥ isutilized.

In our current system, a linear lead square based
congtraint optimization is utilized [10, 13]. Here,
nullspace handling is more or less intrinsgc. The major
advantage on utilizing some constraint optimization
approach is, that physical constraints, like joint speed
limits can be enforced in a natural way via inequality
constraints. Using the following incremental formulation

D

» —

linear conditions can be chosen for the nullspace motion
of theform
D =

s0 the inverse kinematics problem can be formulated as an
optimization problem

min (A )

A

for the cost function

()= Aa- |,
with the equality constraint as main task

A = A

A =+ o)
Herein the symbol || . ||2 denotes the quadratic norm,

and thedesired Cartesian position and some arbitrary

positive constant. Additional constraints in form of
inequalities can be added to restrict the solutions for
particular joints (eg. redtrictions due to hardware
constraints or maximum joint movements per time step).
AT[A A

It should also be noted that this optimization problem
leads to the pseudo inverse solution by choosing as the
identity matrix and as a vector containing just zero
elements.

Any particular cost functionh( ) can be minimized locally

by utilizingthe = identity matrix - and the gradient
of the cost function, whereas isthe number of joints.
__ah()

d
It is now possible to combine multiple behaviors for the
null-space motion by choosing
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A =
factors w , which define how much an error in the
equation affects the value of the cost function (A).

The particular equations are weighted by the

The redundant degrees of freedom can aso be used for
internal joint movements, which are commanded by an
external process (or the user). As stated in [11] the
movements of a reference frame, which is fixed to a
particular joint, can be commanded by a 6 dof teach



device in this way without affecting the trajectory of the
end-effector.
WhenA  denotes the movements due to the teach device
and the map, which describes the motions of the
reference frame, the controlling of the redundant dof’s can
be fulfilled using
A = A

2 =W, » 2 TWLA

with a proper chosen weight .

Fig. 8 Null-space motion by touch

In the case of the DLR light-weight robot this behavior
can be extended. Using the robots joint torque sensors the
null-space motion can be used for reactions due to
external forces produced by touch. From a mode of
inverse dynamics [3], the nominal joint torques

can be calculated. This is compared to
. So, the difference of these two

T =T
the sensed torques t
values leads to external torques T =T -T ,
which can be interpreted as user commands, while the

user is touching the robots structure. This can be easly
utilized for the subtasks formulation. Each of the joint
movements could be weighted individually as well.

In this section we present two examples demonstrating the
principle of direct physical robot human interaction.

The performance of our approach is demonstrated by
touching the DLR robot-arm balancing an inverted
pendulum. Thisisnot readly a service robot task. But you
can eadily see the performance of the system. The user can
touch the robot arm at various spots, which the robot
senses by its torque sensors. This disturbance is
compensated by the stabilization task. Note: A human will
seldom succeed to balance the rod while somebody
touches his e bow.

A different type of application, but based on the same
principles, isthe teaching of a piston insertion task. In the
teaching phase, the human operator demonstrates the
insertion of a piston in an engine block. The robot should
then automatically execute the insertion task. In the start
configuration, the robot holds the piston, which is
vertically oriented. Now the operator grasps the robot arm
near the TCP and demongtrates the insertion of the piston.
For a better handling the orientation was preset with a
high and the trandlation with zero stiffness. This setting
aleviates the teach process as the operator needs not
concentrate on the orientation of the piston but only on the
trandlation.

Fig. 9 Fiston insertion



The demondrated trajectory was saved. For the automatic
execution of the insertion task the stiffness of trandation
was set to high and the rotation to low in order to
compensate theremain errors. The task could be executed
four times faster than in the teaching phase.

In this paper we have shown how an untrained user can
intuitively interact with the new light-weight robot just by
touching itsarm. A prerequisite for thistype of interaction
is the capacity of the robot arm to sense the location and
the strength of the human touch. The DLR light-weight
robot meets this condition. The control algorithm and the
inverse kinematics for the redundant robot system must be
very powerful and very flexible. Thisis necessary both to
be sufficient fast and adaptive to various different
application tasks.

In the near future this method of direct robot human
interaction will be extended to a maobile robot system.
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