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Abstract Mobile manipulators, which are intrinsically redundant when the manipulator and mobile base
are moving together, are known for their capabilities to carry out multiple tasks at the same time. This
paper presents a whole-body control framework, inspired by legged bio-robots, for a velocity controlled
non-holonomic mobile manipulator based on task priority. Control primitives, such as manipulability opti-
mization, trajectory tracking of the end-effector and mobile base, and collision avoidance, are considered in
the framework and arranged at different priorities. Lower priority tasks are projected into the null space
of control tasks with higher priorities. As a result, lower level tasks are completed without affecting the
performance of higher priority tasks. Several experiments are implemented to verify the effectiveness of the
proposed controller. The proposed method is proved to be an effective way to solve the whole-body control
problem of velocity controlled mobile manipulators.
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1 Introduction

With the rapid development of artificial intelligence (AI) technologies in recent years, more and more
AT technologies have been applied to different kinds of bio-robotic systems [1-6]. Legged bio-robotic
systems mounted with manipulators have been drawing much attention of both industrial and academic
community for their advantages of combining manipulation and locomotion in uneven terrains. When
robots are applied in flat areas, legged robotic systems are replaced with wheeled systems for stability,
which are also called wheeled mobile manipulators [7-15]. When manipulators and mobile base are
cooperatively moving together, the mobile manipulators can also be considered as robots with redundant
degrees of freedom. As a result, both legged and wheeled mobile manipulators have the advantage of
carrying out multiple tasks, but the problem lies in the arrangement of these tasks in the controller.
Inspired by whole-body motion of humans and animals, control of bio-robots often is composed of
control of multiple control primitives, such as position control of the center of mass (CoM), position and
force control of hands and feet, and collision avoidance. Whole-body control is a widely used methodology
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to simultaneously achieve multiple control tasks and regulate the priorities of these tasks. Null-space pro-
jection technique is an effective method to regulate task priorities, which represents tasks with Jacobian
matrices and projects the Jacobian matrices of lower priority tasks into the null space of those of higher
priority tasks. In addition, null-space projection of Jacobian matrices is also a commonly used methodol-
ogy to solve the control problem of redundant robots [16]. Siciliano and Slotine [17] proposed a framework
to solve the multiple tasks control problem of redundant manipulators based on task priority [18] and
achieve task priorities via null-space projection technique. Mobile manipulators are redundant robots
with mobile base, so task priority strategy based on null space is applied to deal with the similar problem
of mobile manipulators. Khatib et al. [19] presented a method to decompose operational and postural
control tasks of human-like robots and discussed the dynamic behavior of the secondary control objectives.
Furthermore, they extended their control structure to a multi-level hierarchical control strategy [20] and
put forward a method to classify all control objectives as three categories (i.e., postural tasks, operational
tasks and physical constraints) [21]. To handle the discontinuity caused by the insertion of unilateral
tasks, Mansard et al. [22] proposed a continuous controller based on pseudo-inverse of Jacobian matrix.

The abovementioned controllers are mainly implemented on legged bio-robots. Whole-body control
methodologies based on null-space projections are also utilized to solve the coordinating control of wheeled
mobile manipulators. To achieve whole-body control of wheeled mobile robots, Dietrich et al. [23] put
forward a task-based whole-body controller via impedance control and verified the efficacy of the controller
on a wheeled mobile robot called Rollin’ Justin [24]. Several commonly used control objectives are
contained in the controller. Because the upper body of the robot is mainly torque controlled, while the
mobile base is velocity controlled, an admittance control interface is introduced [25]. In addition, Adorno
et al. [26,27] utilized a dual-quaternion-based method to represent the configuration of wheeled mobile
manipulators and proposed a whole-body controller based on task priority. Some other researchers have
also proposed controllers of wheeled mobile manipulators without referring to the whole-body control
concept. An online approach, which allows users to assign weighting factors to individual tasks, was
presented in [28]. A unified approach for planning and control of mobile manipulators by combining the
event-based planning and control method with the nonlinear feedback technique was proposed in [29].
Ref. [30] put forward the elastic strip technique to deal with task-consistent and non-task-consistent
behaviors of mobile manipulators. Ref. [31] solved the trajectory tracking problem of mobile manipulators
based on model predictive control. Ref. [32] came up with a feedback controller to achieve dragging and
following tasks of mobile manipulators. Ref. [33] provided a flexible reactive control framework to satisfy
different constraints with system redundancy.

Joint velocities are frequently-used control inputs for manipulators. Different from torque controlled
robots, controllers for all control primitives should be managed in velocity level for such kind robots.
In addition, interactions between the robot and environment, which are often measured by force sensors
mounted on the end-effector, must be transformed into end-effector twists and handled by changing joint
velocities. Contributions of this paper mainly consist of three aspects. Firstly, because manipulators
mounted on mobile bases do not work in independent workspace as traditional industrial manipulators
and sometimes have to cooperate with human workers, mobile manipulators are often collaborative ma-
nipulators for safety. Most academic research on whole-body control of mobile robots with collaborative
manipulators is about torque controlled manipulators. However, famous collaborative manipulators, such
as Universal Robots and TechmanRobot which are prevalent in industrial applications, are velocity or
position controlled and have no access to torque control. Hence, dynamical model of the robotic systems
cannot be utilized. In this paper, we present a whole-body controller for velocity controlled mobile ma-
nipulators with commonly used collaborative manipulators based on task priority. Both joint position
and joint velocity control approaches are available for these collaborative manipulators, but only velocity
inputs are available for most mobile base. For consistency, we choose joint velocity as the input of manip-
ulator in our algorithm. Moreover, a method to deal with interactions between mobile manipulators and
the environment by changing whole-body joint velocities is presented. The interaction forces between the
end-effector of the manipulator and the environment are measured through a six dimensional force/torque
sensor mounted on the end-effector of the manipulator and transformed into velocities of the end-effector
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Figure 1 (Color online) System overview.

via admittance control laws. Furthermore, those interaction velocities are transformed into joint velocity
inputs of the manipulator and the mobile base via inverse differential kinematics. Finally, a new concept
called extended Cartesian coordinates is proposed in order to take non-holonomic constraints into con-
sideration all the time. Several practical experiments are implemented to verify the effectiveness of the
proposed controller and discuss its performance based on the results of the experiments. Then, we make
a comparison with similar research carried out by previous researchers.

2 Kinematic modeling

The mobile robotic system used in this research is shown in Figure 1. The hardware system can be simply
described by a differential driven base equipped with a URI0 robot, a six degrees of freedom (6-DOF's)
the manipulator, which is velocity/position controlled. The effectiveness of velocity control and that of
position control of manipulator are the same. As mentioned above, we choose joint velocities as inputs of
the manipulator just for consistency of control inputs. Manipulators with such kind of control inputs are
much safer and cheaper than those collaborative manipulators with torque control inputs, because the
torque sensors mounted on each joint are a significant part of the costs of manipulators. The whole-body
configuration can be represented by q = [z, yb,0,q1,--.,q6]T, where q, = [z1,yn,0]T represents the
mobile base configuration, g, = [q1,...,qs]" represents the upper-arm configuration.

The roll-pitch-yaw («, 8, ) Euler angles are applied to represent the orientation of the end-effector, so

its six-dimensional position can be expressed by
x = [z,y, 20 6,7 (1)
Then, whole-body forward kinematics can be expressed by
z = f(q) (2)
Whole-body differential kinematics is obtained by differentiating (2):
&= Jig. (3)
Because the mobile base is differential driven, the following kinematic constraint must be satisfied:

Jbkeq = 0, (4)
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where
Jpke = [cosB,sin6,0,...,0] € R?

is the kinematic constraint expressed in whole-body Jacobian form, which must be satisfied by any control
objectives. Inspired by the extended Jacobian concept in [34], we combine kinematic constraint Jacobian
with the whole-body Jacobian and put forward the extended Cartesian coordinates as follows:

fi:e: eqlv (5)
where
ite = [Oa%y727a757’7]T7 (6)
Jbke
J. = 7
. 7, (7)

The extended Cartesian coordinates tracking is treated as the main task in this paper so that the
kinematic constraint can be satisfied all the time. Only collisions that could be avoided within the null
space of the main task will be discussed. When the distance between the robot link and obstacles is
smaller than a user-defined distance di,, we deem that the collision cannot be avoided. The robot will
be stopped for safety when encountering inevitable collisions.

3 Whole-body controller

Control primitives represent the intentions of bio-robots, while whole-body controller is responsible for
the arrangement of multiple intentions. This section provides a detailed introduction to the structure of
whole-body hierarchical controller, end-effector Cartesian controller, base cartesian controller and control
objectives discussed in this paper. The ith priority control objective is defined by Jacobian J; and related
to joint velocity inputs by

x; = J;q;. (8)

Joint velocity inputs of lower priority tasks will be projected into the null space of high priority tasks
layer by layer and finally into the null space of the main task. As a result, the final whole-body joint
velocity inputs can be obtained by

gd=q +Nigz+ Naogz +---, 9)

where N; (i = 1,2,3,...) are null-space projection matrices. Experiments shown in [35] indicate that
null-space projections of augmented Jacobian have better performance than that of successive Jacobian,
so augmented Jacobian is utilized in this paper. The null-space projection matrices are computed by

N; =1 - J¥y, Tavi, (10)

where
T = w iy (Javiw ™ Thp,) 7 (11)

denotes the pseudo-inverse Jacobian matrix. In this research, the weighting matrix w = I is an identity
matrix.
The whole-body joint velocity inputs corresponding to the ith task can be obtained by

g = J¥ ;. (12)

The final whole-body joint velocity inputs would be obtained by substituting (10)—(12) into (9).
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Figure 2 End-effector Cartesian controller.

3.1 End-effector tracking controller

As mentioned above, kinematic constraints must be satisfied all the time, so the new concept called
extended Cartesian coordinates will be applied in this study to make sure that non-holonomic constraints
could be satisfied for all tasks. As a result, the Cartesian trajectory to be followed should be expressed
in the extended form as shown in (6). Because our manipulator is velocity controlled, the operational
space tracking controller for a velocity controlled manipulator introduced in [36] has been adopted in this
paper for the end-effector to track a user-defined Cartesian trajectory. The controller is briefly shown in
Figure 2 and could be formulated as

qi = ']e# (‘/ed + Kpmee + Ki/meedt> ’ (13)

where
JF =T (JI) (14)

denotes the pseudo-inverse of extended Jacobian (J,) of extended Cartesian coordinates. V,q represents
the desired extended Cartesian velocity, which is a twist with the extended term. .. represents error
of extended Cartesian position, which is a twist with the extended term that takes the end-effector from
its current configuration to the desired configuration instead of a vector which is simply the difference
between the desired position and the current position. K|, and Kj are proportional and integral positive-
definite diagonal gain matrices, respectively. In our case, Kj is set to be zero and K, = k,I with k, > 0
and I represents an identity matrix. There is no gravity compensation term because it has been integrated
in the built-in controller of the manipulator. As a result, the whole controller is actually a combination of
a feedforward controller based on inverse differential kinematics and a proportional feedback controller,
that is, the closed-loop reduces to a P controller, which is a linear controller. Without loss of generality,
the system can be analyzed as a one-dimensional system. For each servo circle, the desired velocity is
constant. Then, the stability becomes obvious. The feedforward controller provides motion even when
there exists no position error. A further analysis of the controller reveals that the position error does not
exactly converge to zero, but it can be reduced by choosing a larger gain under the physical constraints
of robots.

3.2 Base tracking controller

Pose regulation of mobile base is of vital importance for the control of bio-robots. It can be used to
guide the robotic system to a target pose along a predefined trajectory and keep the end-effector of the
manipulator still. Moreover, it is also a useful tool to regulate the configuration of manipulator and avoid
collisions of both manipulator and mobile base. The linear base controller introduced in [11] has been
utilized to control the pose of mobile base. The controller is shown in Figure 3 and can be formulated as

v = vq coses + kieq, (15)

w = wq + koeo + kses, (16)
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Figure 3 Mobile base Cartesian controller. K1 and K9 are matrices determined by tracking error and control objective.

where coefficients ki, ko, ks > 0 are calculated according to [11]; vq and wq are desired driving velocity
and steering velocity, respectively; v and w are final commanded steering velocity and steering velocity,
respectively. The tracking error is defined as

el cosf sinf 0| |xq —x
ea| = |—sinf cos 0| |ya —y]| . (17)
es 0 0 1 O0q — 0

where x4, yq,0q are desired Cartesian coordinates of the mobile base.
In addition, because the mobile velocity may be given as driving velocity v and steering velocity w or
Cartesian velocity , 9, 8, they are related by the following expression:

T —sinf 0
v
| = | cos® 0 l ] . (18)
. w
0 0 1

Differentiating (17) and setting sines = e3 leads to the following error dynamics:

7]431 wq 0
e=|-wqg 0 wvq |e
0 —ko —ks3
where e = [el,eg,eg]T. In this paper, vq and wq are chosen to be constant. Therefore, the system is

actually time-invariant. Then, the characteristic polynomial can be easily obtained and its three roots
are determined by the control parameters k1, k2, k3 and the constant desired velocities. These parameters
are properly chosen according to the stability requirements on the roots, and the system is asymptotically
stable.

3.3 Control primitives

Control primitives based on task priority are represented by Jacobian matrices. This subsection discusses
detailed formulations of some commonly used control objectives of velocity controlled mobile manipula-
tors, including operational control primitives, postural control primitives, and physical constraints.

3.3.1 End-effector Cartesian task

End-effector tasks often represent the main intentions of bio-robots. Similarly, end-effector Cartesian tasks
are treated as main tasks in this research. End-effector tasks contain user-defined trajectory tracking
and human-robot interaction. Because the aforementioned extended Cartesian coordinates are utilized
to describe operational tasks, human-robot interaction effects should also be transformed into extended
Cartesian coordinates or their time derivatives. Then, the combined effects will be transformed into
whole-body joint velocity inputs, that is

Ge = J¥ (Ve + Vi), (19)
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where V; denotes the interaction effects between the end-effector of the robot and environment. The
interaction effects are sensed by a six-dimensional force/torque sensor and transformed into an additional
twist of the end-effector via a proportional admittance controller. That is V,; = K - Fi;, where K is a
user-defined diagonal matrix with all diagonal elements being positive, F; is the forced measured by the
force/torque sensor. The interaction effects are obvious and will not be displayed in the experiments.

3.3.2 Collision avoidance

Getting information of the environment via vision system is an important part of bio-robots. Because
robot vision is beyond the scope this research, we assume that all the information about obstacles around
the robot has been known in advance. The algorithm presented in [37] is applied to compute the distance
between the robot and obstacles in each servo cycle. At the same time, potential collision points on both
obstacles and the mobile manipulator can also be obtained. The distance between an obstacle and the
robot is calculated by

d = |[@op — Trpl, (20)

where x,, and x,, are position vectors of potential collision points on the obstacle and the robot,
respectively.

Furthermore, the artificial potential field concept introduced in [38] is applied to avoid potential colli-
sions. The relationship between the repulsive force and the distance is described as follows:

fmax
d - d T 2; d g d rty
Frep _ dstart ( sta t) start (21)

0; d > dstarta

where fimax denotes the maximum repulsive force, and dgtart denotes the distance to activate/deactivate
the repulsive force. Notably, the proposed method is only used to achieve collision avoidance between
links of the robot and obstacles. Active collision avoidance between the end-effector and obstacles, which
is achieved through motion planning, is beyond the scope of this paper. The direction of repulsive force
is represented by a unit vector computed by

Lrp — Top (22)

For a torque controlled robot, the repulsive force will be transformed into joint torque inputs through
Jacobian transpose. Because our robot is velocity controlled, the repulsive force is replaced with a “re-
pulsive velocity”, a velocity term with same magnitude computed by (21). Then the “repulsive velocity”
will be transformed into joint velocity inputs via the inverse of differential kinematics. In the case that
the velocity of the potential collision point on the manipulator is just equal to the repulsive velocity,
which is a small probability moment, the potential field meets a local minimum point. Even though the
potential collision point may keep still at that moment, the potential point itself is changing all the time
as the robot moves, that is, the potential collision point at that moment is not the potential collision
point at the next moment. As a result, the robot automatically moves out from the local minimum point.

3.3.3  Self-collision avoidance

Humans and animals seldom hit themselves, so self-collision avoidance is also important for bio-robots.
To carry out self-collision algorithm, the whole robotic system is divided into three parts. (1) Mobile base
is described by a cuboid represented by the coordinates of its eight vertices. (2) For brevity, end-effector
part is represented by a sphere which can fully contain the wrist and end-effector of the robot. (3) The
upper arm and forearm are both represented by cylinders with proper radii and lengths. The self-collision
algorithm proposed by Alexander et al. [39] is applied to solve the self-collision problem of our robot.
Analogous to the collision avoidance algorithm, repulsive forces are replaced by “repulsive velocities” and
transformed into joint velocity inputs via the inverse of differential kinematics.



Li M T, et al. Sci China Inf Sci  July 2020 Vol. 63 170204:8

3.3.4 Joint limits

Joint limits represent physical constraints bio-robots and should be carefully considered to avoid unde-
sirable damage to robotic system. Obviously, only joints of upper arm have physical limits. All joint
angles are limited to a scope ranging from —360° to 360°. The artificial potential field technique [38] is
also applied to avoid joint limits. The distance between the ith joint and its limits is computed by

d; = min([[¢; — éul], [|¢: — dull), (23)

where ¢; denotes joint angle of the ith joint, ¢ and ¢, denote the lower and upper joint limits of the
ith joint, respectively.
The “repulsive velocity” of the ith joint is formulated as follows:

(24)

r _ k1d127 di < ¢start7
i,rep —
0; di > ¢start7

where k; is a positive gain parameter determined by designers, and ¢star¢ is the minimum distance to be
free of repulsive force.

3.3.5  Singularity avoidance

Singularities are configurations at which a robot loses control in one or more directions and should be
carefully avoided in robot motion planning and control. Among several means to keep robot away from
singular configurations, the manipulability measurement [40] has been widely used and proved to be an
effective way to avoid singularities. Because singularities have nothing to do with the position of mobile
base, only configurations of the upper arm will be taken into consideration in this control primitive. The
manipulability measurement is defined as

W (qm) = /det(T (gm) T (gw)). (25)

Increase of the manipulability measurement will cause the manipulator to move away from singularities.
One way to achieve this is to choose the derivative of manipulability measurement with respect to joint
angles as a secondary task [11]. The corresponding joint inputs can be calculated by the following

equation:
. Ow(gm)\ "
m — ki 5 26
= ko (2518 (26)

where kg > 0 is a user-defined gain parameter. By expressing the set of joint velocity inputs in whole-
body form and projecting it into the null space of higher priority tasks, the upper arm will be kept away
from singularities without affecting the performance of higher priority tasks.

3.3.6 Base Cartesian task

Even though trajectory tracking of the end-effector is of vital importance for completing main tasks,
trajectory tracking of mobile base is sometimes needed to avoid obstacles on the path without affecting
the implementation of main tasks or to regulate the whole-body configuration of bio-robots. The base
controller discussed in Subsection 3.2 is utilized to track a prescribed base Cartesian trajectory. In
addition, a set of velocity commands can also be given to regulate or finely adjust the posture of upper
arm in some cases. To guarantee the performance of high priority tasks, the resultant joint velocity inputs
should be projected into the null space of higher priority tasks.

The total number of degrees of freedom (DOFs) of the mobile manipulator is nine. However, the
number of DOFs that need to take all the aforementioned control primitives into account is much larger
than nine. In fact, only two control primitives can be taken into account at the same time, so most
of those control primitives are deactivated. The criterion to activate/deactivate control primitives is
stated as follows. (1) Because the operational task of the end-effector is the main task in this paper, it
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Figure 4 (Color online) Whole-body control scheme.

keeps active all the time as long as the robotic system is not stopped for safety. (2) Collision avoidance,
self-collision avoidance and joint limits control primitives are activated or deactivated according to start
distance, such as dstart and dstare. (3) The singularity avoidance control primitive is activated if none
of the three control primitives is activated or deactivated when any one of the three control primitives
is activated. (4) The base controller task is activated only if a base Cartesian trajectory is planned by
designers. Once this control primitive is activated, other control primitives besides the main task will be
deactivated, because we think the collision avoidance and singularity problem have been both solved by
trajectory planner.

The proposed whole-body control diagram can be explained by Figure 4. The left part shows the
control objectives, which can be arranged at different priorities according to corresponding situations.
The supervisor is applied to monitor information about tasks and dynamically change the priorities of
tasks. The upper and lower parts represent trajectories planned by trajectory generators as designers
want. The centric part shows the lower lever controllers of the mobile base and the upper manipulator.
The Cartesian trajectories of the end-effector and the mobile base are planned by designers with some
trajectory planning algorithm. The trajectory of the mobile base is planned only when necessary (such
as the second experiment). Finally, lower priority control primitives are projected into the null space of
the extended Jacobian.

4 Experiments and discussion

In this section, we carry out experiments with a velocity controlled mobile manipulator to verify the ef-
fectiveness of the proposed bio-inspired whole-body controller. Furthermore, we discuss its performance
according to the results of experiments and make comparisons with previous similar research achieve-
ments.

4.1 Multi-objective control experiment

This experiment refers to situations when several intentions should be considered by bio-robots. Three
control tasks are taken into account in the first experiment, including an operational task (main task),
arm collision avoidance (secondary priority task) and singularity avoidance (last priority task). Collision
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(c) (d)

Figure 5 (Color online) Multiple tasks implementation experiments. (a) Configuration at the very beginning; (b) before
collision; (c) avoiding collision; (d) after passing through the obstacle.

avoidance is treated as a secondary priority task, because only collisions between the robot links and the
environment that can be avoided by artificial potential field method are considered in this paper. For
collisions that can be avoided, the whole robotic system will stop for safety. That is, when the robot is
approaching an obstacle and the distance is smaller than a user-defined dp,i,, the robot will stop moving,
which means the robot cannot complete the prescribed operational task because of obstacles. In this
experiment, this safe distance is set to 10 cm. A cylindrical obstacle located 1.5 m away and 1.3 m
above the ground has been known in advance. Repulsive force activation distance dgart and maximum
repulsive force fiax are set to 0.3 m and 1 m/s, respectively. At the beginning, the elbow of upper
arm is higher than the obstacle, as shown in Figure 5(a). The main task is to move the end-effector
2.5 m along the opposite direction of y-axis, which should cause a collision with the obstacle without a
collision avoidance control objective. At this moment, because the robot is far away from the obstacle, the
repulsive force between the upper arm and obstacle has not been activated. As shown in the first curve of
Figure 6, the robot configuration moves toward the direction that leads to an increase of manipulability
measurement, because singularity avoidance task acts as the secondary control primitive. At the very
beginning, the mobile base even moves backward a little to adjust the robot configuration. As the robot
moves towards the obstacle, the distance between the upper arm and obstacle decreases. Figure 5(b)
shows a moment before collision. Then, the repulsive force is activated. The second and third curves of
Figure 6 show variations of the distance between upper arm and obstacle and the corresponding repulsive
force, respectively. Because the collision avoidance task has a higher priority than singularity avoidance
task, the robot “pushes” the arm away to avoid collision and at the same time moves toward a singular
configuration. Figure 5(c) shows a snapshot when the upper arm has been “pushed” away and is moving
under the obstacle. At this moment, the upper arm is very close to a singular configuration. As the robot
moves away from the obstacle, the distance between them increases and the repulsive force gradually
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Figure 6 (Color online) Parameters variation of multiple task implementation. The first curve shows the variation of
manipulability of the upper arm; the second curve shows the distance between the forearm and the obstacle; the third curve
shows the repulsive force between the forearm and the obstacle; and the last three curves show tracking performance of the
end-effector.

vanishes. Again, the upper arm moves towards the direction that causes the increase of manipulability.
Figure 5(d) shows a snapshot during this process. Because trajectory tracking of the end-effector is the
main task, it should be guaranteed all the time. The last three curves of Figure 6 indicate that the
trajectory is well tracked during the whole process. In addition, the non-holonomic constraint of mobile
base is satisfied all the time.

4.2 Inner motion experiment

To compare with some previous studies [41,42] and regulate whole-body configuration of bio-robots, an
experiment has been done to analyze the performance of the proposed controller. The main task is to
keep the end-effector still. The secondary task is to linearly move the mobile base back and forth and then
rotate it back and forth, which is also called inner motion in [16]. In this case, the Cartesian trajectory of
the mobile base is also planned. The control command of the mobile base is projected into the null space
of that of the end-effector. The trajectory of the end-effector is to keep it at its initial position, that is,
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(a) (b)

Figure 7 (Color online) Inner motion experiment. (a) Initial configuration and rotating counterclockwise configuration;
(b) rotating clockwise configuration.
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Figure 8 (Color online) Deviations of end-effector coordinates.

the end-effector controller stated in Subsection 3.1 has no feedforward term in this situation. The top and
bottom parts of Figure 4 are applied in this experiment. Figure 7(a) shows the initial configuration of the
system when the mobile base starts rotating counterclockwise while Figure 7(b) shows a configuration
when the mobile base is rotating clockwise. The end-effector position is kept constant during the whole
process. Figure 8 shows the position deviations of the end-effector along three coordinate axes when
the mobile base is moving. According to Figure 8, deviations exist along three directions. However, the
deviation along z-axis is much smaller because there is no movement along z-axis for mobile base.

The experiment results are very similar to that of the study done by Giftthaler et al. [41] with a
tracked mobile manipulator. In Giftthaler’s opinion, the deviation may be caused by the error of base
pose estimator, which may also be one of the reasons for our wheeled mobile robot which is positioned via
laser information. In order to test the localization error of the mobile base, we do another experiment.
The mobile base alone is commanded to move forward directly without rotation, stop for a while (from
the fifth second to the ninth second), and then continue to move forward directly. Figure 9 shows the
deviation along the axis that passes through the contact points of two driving wheels and the ground,
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Figure 9 (Color online) Localization error of mobile base.

which is supposed to be zero without localization error. It indicates that localization deviation keeps
fluctuating while the robot is moving and becomes stable (not zero) while the robot stops (during the
fifth second and the ninth second). The results support that localization error of base is a significant
source of the deviation of the end-effector in the above experiment. Alin et al. [42] have done a similar
experiment on a manipulator with fixed base based on null-space projection. Deviations show great
difference among different projection matrices, which manifests that the null-space projection matrix is
another source of deviation. There may be some other reasons for the deviation of the end-effector, such
as wheel slippery and model uncertainty.

5 Conclusion and future work

This paper presents a bio-inspired whole-body controller for a velocity controlled mobile manipulator.
Formulations of some commonly used control primitives, including operational tasks, postural tasks and
physical constraints, are analyzed. Lower priority tasks are carried out without interfering with higher
priority tasks by the null-space projection technique. Practical experiments prove that the proposed
methodology is an effective way to solve the whole-body control problem of velocity controlled manipula-
tors. Curves of experiments show that deviations with high frequency exist on the end-effector. Moreover,
experiments are also carried out to analyze the possible causes of the deviation of the end-effector. Some
comparisons are also made with similar research to discuss the possible reasons. Localization error of
mobile base and the choice of null-space projection matrix may be another reason for the deviation of
the end-effector. Because smooth motion of the end-effector is essential to operational tasks, our future
work will try to fix this problem. Besides, trajectory tracking task of the end-effector is arranged to be
the main task all the time, but sometimes the tracking task of the end-effector has to be interrupted. As
a result, some kind of intelligent judgement of task priories should be figured out to make the robotic
system more adaptable and intelligent. In this paper, obstacles in the environment are assumed to be
known in advance, but sometimes not all obstacles in the environment are known to robots, especially
in dynamic environments. Neural networks have been proved to be effective to handle the problem of
unknown environments in bio-robots control. A recent research on robot-environment interaction in [43]
proposes an admittance controller for robots to interact with unknown environments. He et al. [44] and
Zhang et al. [45,46] also applied neural network-based methods to deal with interactions between the
robot and unknown environments. A similar capability is even more important for mobile manipulators,
so we are trying to apply neural network-based methods to deal with interactions between the mobile
manipulator and unknown environments. Learning from demonstration [47] is a promising approach for
robots to learning skills from humans. Yang et al. [48] recently combined dynamic movement primitive
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(DMP) and Gaussian mixture model (GMM) so that the robot can learn from multiple demonstration
and show generalization ability as DMP approach. In the future, we are trying to apply learning from
demonstration and other bio-inspired approaches to solve mobile manipulation problems of bio-robots.
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