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Human Motion Mapping to a Robot
Arm with Redundancy Resolution

F. Ficuciello, A. Romano, V. Lippiello, L. Villani and B. Siciliano

Abstract In this paper the problem of mapping human arm motion to an
anthropomorphic robot arm has been addressed using an Xsens MVN motion
capture suite and a 7-DoF KUKA LWR. The desired end-effector trajectories
of the robot are reconstructed from the human hand, forearm and upper
arm trajectories in the Cartesian space obtained from the motion tracking
system by means of human arm biomechanical models and sensor fusion
algorithms embedded in the Xsens Technology. The desired pose of the robot
is reconstructed taking into account the differences between the robot and
human arm kinematics and is obtained by suitably scaling the human arm
link dimensions. A Cartesian impedance control is designed to replicate, at
the robot side, the human wrist motion and a compliant null-space control
strategy is applied to solve kinematic redundancy exploiting the compliant
behavior of the elbow to obtain suitable body reconfigurations.
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1 Introduction

The development of hardware and software technologies for refining the abil-
ity to learn from humans grasping and dynamics manipulation capabilities is
of greatest interest in robotics, [4]. A big challenge of humanoid robotics is to
provide a robotic arm or a dual-arm system with autonomous and dextrous
skills to replicate capacity in performing tasks which are typically executed
by humans, [5], [7]. The fields of interest can be in all those applications where
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the robot closely interacts with humans, namely for surgical, industrial and
service applications.

Another important issue in unstructured human-shared environment is
to achieve a compliant behavior when interaction occurs in order to realize
a proper and safe cooperation between humans and robots. This behavior
can be imposed in the joint space to ensure safe interaction, [8]. Moreover,
the redundant degrees of freedom can be conveniently used to perform some
additional tasks besides the main task [3]. These additional tasks can be a
given Cartesian position of a point on the body of robot, such as the elbow
position, [10]. A compliant behavior in the null space of the main task can be
enhanced to manually adjust robot postures to fit into human targeted ones.

The aim of this work is to integrate a robotic platform able to acquire and
transfer human body motion to a robotic system. This platform will be used
to learn human motion primitives and to achieve a low-dimensional motion
manifold. Replication of human body motion is very important to transfer
human knowledge and experience to a robot. For accurate motion capturing
a sensor technology that use inertial and magnetic measurement units has
been used to measure postures of human bodies. The robot arm used for
replicating human motion is a 7-DoF KUKA LWR4 arm, [2]. The control of
the robot pose is carried out using an impedance strategy in the Cartesian
space which uses, as the setpoint for the position, speed and acceleration,
the output coming from a second-order filter that processes the signals from
Xsens MVN [1]. The redundant degrees of freedom are used to ensure a
compliant behavior of the robot elbow in order to reconfigure its position.

2 Experimental Set-up

The Xsens MVN suite is a low-cost motion capture system that does not need
cameras, emitters or markers, and it is simple to be used both indoors and
outdoors. It consists essentially of 17 MTx inertial and magnetic measurement
units and comprises 3D gyroscopes, 3D accelerometers and 3D magnetome-
ters sensors through which it is possible to obtain the position measurement
and orientation of parts of the body of the wearer. Two Xbus Masters handle
the wireless communication with the PC or laptop and synchronize all sen-
sor sampling. The body worn sensors are positioned in correspondence of the
feet, legs, thighs, pelvis, shoulders, sternum, head, arm, forearm and hand. In
Figure 1, Xsens MVN is shown and the components used for the developed
application are highlighted. The total weight of the system is 1.9Kg. The
entire system operates in real-time with a frequency of maximum sampling
rate of 120Hz. By means of a dedicated software (MVN Studio Software),
the user can easily observe the movements in 3D, record or export them. The
system estimates body segment orientation and position changes by integra-
tion of gyroscope and accelerometer signals which are continuously updated
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Fig. 1 The Xsens suite worn by the operator is shown. The Xbus Masters and the sensors
positioned at the hand, forearm and upperarm are highlighted.

by using a biomechanical model of the human body. This allows for tracking
of dynamic motion.

When placing the sensors, the initial pose between the sensor and the rela-
tive body segment is unknown. Therefore, a calibration procedure, requiring
measures such as the height, the arms length and the foot length of the sub-
ject, has to be performed. The subject is asked to stand in an a-priori known
pose, the rotation from sensor to body segment is determined by matching
the orientation of the sensor in the global frame with the known orientation
of each segment in this pose.

The robot used to replicate the human arm motion is the 7-DoF KUKA
Lightweight Robot (LWR). The kinematic redundancy, similar to the human
arm, allows the elbow motion while maintaining the pose of the hand, see Fig.
2. Moreover, the torque sensors, mounted in all joints, allow detecting contact
and collisions for safe human-robot interaction and compliant reaction to
applied external forces. Thus, the robot can be also manually guided and
programmed [2].

3 Mapping of the Human Arm Motion

The mapping of movements from the human to the robotic arm requires
appropriate considerations regarding the differences in the kinematic chain,
size of the two arms and joint limits. The motion tracking system does not
provide measurements of the joint angles of the human arm in real time, but
allows obtaining that information only from the recorded data. Thus, the
mapping of the human arm movement should be referred to measurements
in the Cartesian space. Since the human arm positions may be out of the
workspace of the robot, to generate a suitable setpoint a bounding box has
to be considered for safety issues. Further, to limit the speed and have a
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smooth motion, the signals coming from the Xsens must be processed by
means of interpolation and filtering.

The MTx sensors, mounted on the Xsens suite, provide position and ori-
entation (expressed in terms of a quaternion) of the related segments where
they are positioned. Because of the difference between the kinematics of the
human arm and that of the robot, we made some assumptions to simplify
the mapping. It is assumed that the second joint (g2) of the robot coincides
with the spherical joint of the human shoulder. Such assumption is allowed
since the axes of the first three joints of the LWR intersect at a single point
corresponding to the center of ¢o. The same observation can be made for
the sixth joint (g¢) identified as the spherical joint of the human wrist. In
agreement with this assumption the joints that modify the extension of the
robot (distance from the shoulder to the wrist) are joints go and ¢4 corre-
sponding to the wrist and the elbow of the human arm respectively. During
the motion, the distances between joints ¢g and ¢4 (robot’s wrist and elbow)
as well as the distances between joints g4 and g (robot’s elbow and shoul-
der) remain constant and correspond to the length of the human forearm and
upperarm respectively, see Fig. 2. In order to transfer the movement of an

Elbow

Wrist

End-effector
4

Fig. 2 Human and robot arm comparison, [10].

operator wearing Xsens suite to the robot, the measurements of interest are
the position of the hand, forearm and upperarm, x5, ©; and x,, respectively,
which are provided by the Xsens and are expressed with respect to the global
frame of the motion capture system. Since the robot does mount neither a
hand nor any tool, only the desired position of the wrist is mapped, while
the orientation of the end effector is controlled to be constant at the initial
value. Alternatively, it is also possible to map the orientation by means of the
composition of the quaternion related to the hand, forearm and upperarm in
the same way as for the position. As already stressed, the kinematics of the
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human and robot are different also in terms of link dimensions. The position
setpoints of the robot are generated by modifying the XSens references on
the based of the link lengths of the KUKA robot. To compute the wrist ref-
erence position of the robot, the versor of the human forearm and upperarm
are obtained and multiplied for the robot forearm and upperarm lenghts,
ly =0.39 [m] and [, = 0.40 [m] respectively. This quantities are summed
with the vector linking joint ¢2 to the base of the robot, &, = (0 0 0.31)T,
as in the following equation:

Tf — Ty Th —If

+1

Tg = xp + 1y f .
zf — [E7 |

(1)

The global frame of the Xsens has the same orientation of the base frame of
the KUKA LWR, thus no further trasformation is needed. A bounding box is
applied to the computed desired wrist position to impose limits on the spatial
coordinates, —0.79 < z, < -0.45, —0.5 <z, <0.5,0.15 <z, < 0.6.

The control of the LWR is designed by means of a Cartesian impedance
strategy with compliant null space control for redundancy resolution. The
desired position, velocity and acceleration are generated by a second-order
filter that processes the signals from Xsens MVN. The output signals of the
motion tracking system are first modified according to the robot kinematics
in such a way as to generate suitable references for the robot wrist and
then filtered in such a way to have stable and feasible setpoints. The control
purpose is to let the robot following the pose of the human arm and to allow
the reconfiguration of the robot body, relying on a compliant behavior in the
null-space of the main task.

3.1 Cartesian Impedance Control

The dynamic model of the robot has the form [9]:

M(q)g+C(q,4)qg+g(q)+7s=7c+J" (@) Fear (2)

where ¢ € R", with n = 7, is the vector of joint variables, M(q) is the
inertia matrix, C(q, q)q is the vector of Coriolis/centrifugal torques, g(q) is
the vector of gravitational torques, 7¢ is the vector of friction torques, 7.
is the control torque, J(q) is the robot Jacobian, and 7.+ = JTFewt is the
joint torque resulting from external force and torque F'.,; applied to the end
effector, that in this case are null. To design the Cartesian impedance control,
it is useful to derive the end-effector dynamics in the operational space [6]:

A(@)Z + p(q,q) + Fy(q) + Fr(q) = Fe + Feg (3)
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where x is the Cartesian pose vector, A = (JM 'JT)=1 is the (6 x 6)
end effector inertia matrix, while pe = A(JM 'C — J)q, F, = JTg,
F; = JTTTf and F, = JTTTC are the forces, reflected at the end effec-
tor, corresponding to the non-inertial joint torques in (2). By neglecting the
friction and the Coriolis/centrifugal forces and considering that gravity is
compensated, the following impedance control guarantees, in absence of ex-
ternal forces exerted at the robot tip, the tracking of the desired end-effector
pose trajectory:

Timp = J T (A(dq — Jq) + K& + K, (4)
with
_ (90I; O (200013 O
K“‘( 0 1013>’ KP‘( 0 4013)' ®)

The impedance gains have been set experimentally. The error between the
desired and the effective pose & = x4 — @, is expressed by means of the posi-

tion error, p; —p,, and orientation error expressed in terms of the quaternion
Ae:

- Pg — Pe
T = < dAe ), A€ = ne€q — nNg€e — S(€q)€e, (6)
where 7 and € are the scalar and the vector part of the quaternion and S(-)

is the skew-symmetric operator. Snapshots of the experimental results are
shown in Fig. 3.

Fig. 3 Snapshots of the experimental set-up during the execution of the motions by the
human operator followed by the robot.
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3.2 Compliant Null-Space Control for Redundancy
Resolution

Equation (3) describes only the end-effector dynamics and does not include
the so-called null space dynamics.

In the presence of redundant degrees of freedom, it is possible to impose
a secondary task in the null space of the end effector task, as follows

Te=Timp + (I - JTJTT)(_de)v (7)

where —kqq, with k; = 0.41, is a suitable damping torque. In this case the
secondary task consists in a possible reconfiguration of the arm obtained by
applying forces to the robot’s body.

Matrix J' = M JT[JM ' J7]~" is the dynamically consistent gener-
alized inverse of matrix J [6].

The first image of Fig. 4 represents the configuration assumed by the robot
when it is not touched and redundancy is not exploited. In the other two
images, two possible configurations, elbow up and elbow down respectively,
assumed by the robot, while following the trajectory in the Cartesian space,
when complying to external forces exerted on its body are shown.

Fig. 4 From left to right, the first image represents the robot configuration when re-
dundancy is not exploited, the second and the third images represent other two possible
configurations, elbow up and elbow down respectively.

4 Conclusion and Future Work

In this work, a kinematic mapping algorithm has been implemented in order
to replicate the movements made by a human arm on an anthropomorphic
robot arm with seven degrees of freedom.

The desired trajectories are generated in the Cartesian space in terms of
position and orientation and are obtained by taking into account the differ-
ences between the kinematics of the robot and of the human arm. The control
of the robot pose is carried out using an impedance strategy in the Cartesian
space which uses, as the setpoint for the position, speed and acceleration,
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the output coming from a second order filter that processes the signals from
Xsens MVN.

Since the robot is kinematically redundant, a compliant null-space control
strategy is employed to adjust the configuration of the robot manually in
order to generate anthropomorphic configurations.

The objective of this work is to create a robotic platform to learn from hu-
man grasping and manipulation tasks. Future work consists on learning prim-
itives of motion in a low-dimensional manifold for a simplified and human-like
control of humanoids robots.

Acknowledgements The research leading to these results has been supported by the
SAPHARI and RoDyMan projects, which have received funding from the European Com-
munity’s Sev- enth Framework Programme under grant agreements ICT CP-287513 and
ERC AdG- 320992, respectively. The authors are solely responsible for its content. It does
not represent the opinion of the European Community and the Community is not respon-
sible for any use that might be made of the information contained therein.

References

1. Xsens Technologies, http://www.xsens.com

2. Bischoff, R., Kurth, J., Schreiber, G., Koeppe, R., Albu-Schaffer, A., Beyer, A.,
Eiberger, O., Haddadin, S., Stemmer, A., Grunwald, G., Hirzinger, G.: The KUKA-
DLR lightweight robot arm a new reference platform for robotics research and man-
ufacturing. Int. Symp. Robotics (2010)

3. Caccavale, F., Lippello, V., Muscio, G., Pierri, F., Ruggiero, F., Villani, L.: Grasp
planning and parallel control of a redundant dual-arm/hand manipulation system.
Robotica 31(7), 1169-1194 (2013)

4. Ficuciello, F., Palli, G., Melchiorri, C., Siciliano, B.: A model-based strategy for map-
ping human grasps to robotic hands using synergies. In: Proc. of IEEE/ASME Interna-
tional Conference on Advanced Intelligent Mechatronics, pp. 1737-1742. Wollongong,
AUS (2013)

5. Ficuciello, F., Palli, G., Melchiorri, C., Siciliano, B.: Postural synergies of the UB hand
iv for human-like grasping. In: Robotics and Autonomous Systems. in press (2014)

6. Khatib, O.: A unified approach for motion and force control of robot manipulators:
The operational space formulation. IEEE Journal of Robotics and Automation 3(1),
1115-1120 (1987)

7. Sadeghian, H., Ficuciello, F., Villani, L., Keshmiri, M.: Global impedance control of
dual-arm manipulation for safe human-robot interaction. 10th International IFAC
Symposium on Robot Control (2012)

8. Sadeghian, H., Villani, L., Keshmiri, M., Siciliano, B.: Task-space control of robot
manipulators with null-space compliance. IEEE Transactions on Robotics (2014)

9. Siciliano, B., Sciavicco, L., Villani, L., Oriolo, G.: Modelling, Planning and Control.
Springer-Verlag (2009)

10. Wang, Y., Artemiadis, P.: Closed-form inverse kinematic solution for anthropomorphic
motion in redundant robot arms. Adv Robot Autom 2 (2013). DOI 10.4172/2168-
9695.1000110



