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Motion Control of Passive Mobile Robot
Consisting of Casters with Servo Brakes
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Abstract—In this paper, we introduce a passive mobile robot
with casters developed based on the concept of passive robotics.
This mobile robot consists of two casters with servo brakes, one
passive rigid wheel and a controller. We can manipulate the
robot by controlling external force/moment applied by a human
based on the control of the servo brakes attached to the casters.
We consider the characteristics of the servo brakes and control
the brake torque of each caster based on the braking force and
moment constraint so that several motion functions of the robot
are realized based on the applied force. This allows the robot
to track a path without using servo motors. The motion control
based on the environment information is also realized, so that
we could avoid the collision with obstacles. These functions
are implemented to the robot experimentally and experimental
results illustrate the validity of the robot system and its control
method.

I. INTRODUCTION

Most of robots have been used as industrial robots in
factories to replace humans doing tasks, which humans do
not want to do or could not do, and have been isolated from
humans. In these days, however, we expect to utilize robot
systems in many fields such as home, office and hospital
in cooperation with humans. For practical use of the robot
systems with physical interaction, we need to consider safety
of their users. Most of the conventional intelligent robot
systems have servo motors for controlling their motion.
However, if we cannot appropriately control the servo motors
of the intelligent systems, they move unintentionally and
might be dangerous for humans.

On the other hand, from a safety point of view, Goswami
et al. proposed the concept of passive robotics [1], in which a
system moves passively based on external force and moment
without using servo motors, and Peshkin et al. developed an
object handling system called Cobot [2], in which its steering
angle is only controlled by the servo motor.
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The concept of the passive robot has been extended to
many fields. Wasson et al. [3] and Rentschler et al. [4]
proposed passive intelligent walkers. These passive systems
are intrinsically safe because they cannot move unintention-
ally with driving force. Thus, passive robotics will prove
useful in many types of intelligent systems through physical
interaction between the systems and humans.

We have also developed passive intelligent walker called
RT Walker to support the walking of the handicapped people
including the elderly [5]. It differs from other passive robots
in that they control servo brakes appropriately to realize
several functions without using any servo motors. We have
extended the brake control technologies of the RT Walker
to the control of the omni-directional object handling robot
called PRP (Passive Robot Porter) [6].

In this research, we develop a new passive-type object han-
dling robot system. First, we define the names of three kinds
of wheels as shown in Fig. 1. In the conventional researches
on our passive mobile robots including the RT Walker and the
PRP, we have used rigid wheels or omni-directional wheels
with servo brakes. In the living environment, however, we
can transfer or handle many kinds of objects by using casters.

Here, we focus on casters. A caster has two rotary shafts:
wheel shaft and pivot shaft. The pivot shaft is separately
placed from the wheel shaft at the length of offset. Since the
pivot shaft rotates passively based on external force/moment,
the caster can move in all directions similar to an omni-
directional wheel. Different from the omni-directional wheel,
the caster has advantages such as moving with less vibration,
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high withstand load, and high performance of climbing steps
because a caster consists of a rigid wheel. Therefore, casters
are widely used in order to move many kinds of objects in
our daily lives.

However, the control of the system with casters is difficult
because we have to control two rotary shafts (wheel shaft and
pivot shaft) per one caster. Controlling the moving system
with casters is challenging because of its complex structure.
If we control the system with casters based on the concept
of passive robotics, as well as achieving a high performance
on object handling system, we could develop several kinds
of passive-type moving bases depending on the applications
and add the many functions such as collision avoidance, path
tracking etc. to the moving bases which are wildly used in
real world.

In this research, we develop a new passive-type mobile
robot system consisting of casters with servo brakes. In this
paper, firstly we introduce the robot consisting of two casters
with servo brakes and one passive rigid wheel. Next, we
propose a fundamental motion control algorithm of this robot
system. In addition, we explain the braking force/moment
constraint based on the characteristics of the servo brake and
analyze the relationship between the direction of casters and
the feasible braking force and moment. Finally, experimental
results on the path tracking motion control and the collision
avoidance motion control are shown to illustrate the validity
of the proposed system and algorithm.

II. PASSIVE MOBILE ROBOT
CONSISTING OF CASTERS

We develop a passive mobile robot with casters as shown
in Fig. 2 based on the concept of the passive robotics [1]. The
robot consists of two casters with servo brakes, one passive
rigid wheel and a controller. The caster with a servo brake
is shown in Fig. 3. It has two rotary shaft as wheel shaft and
pivot shaft as shown in Fig. 3. A servo brake is installed in
only the wheel shaft of each caster. Two encoders are also
installed on the wheel shaft and the pivot shaft of each caster
for odometry.

The control performance of the robot depends on the
characteristics of servo brakes. We used Powder Brake (MIT-
SUBISHI Corp., ZKG-20YN, Maximum on-state Torque:
2.0[Nm]) as the servo brake. It provides high responsibility
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and good linearity on controlling the braking torque of
wheels.

In passive moving system with casters, Peshkin et al.
developed Cobot [2], in which its angle of the pivot shaft of
the non-offset caster is only controlled by the servo motor.
On the other hand, in our robot system, a servo brake is
installed in the wheel shaft of each caster, not installed in the
pivot shaft of each caster because it is an important advantage
of casters that casters change the direction passively based
on external force and moment. In this paper, we verify that
the motion of the robot is controlled only the servo brake
installed in the wheel shaft of each caster. As future works,
we will develop a passive mobile robot with three or four
casters with servo brakes which can move in all directions
by extending the control method of caster with servo brake
proposed in this paper.

III. MOTION CONTROL ALGORITHM

A. Kinematics of Mobile Robot with Casters

The direction of each caster changes based on motion
of the robot, so that each component in Jacobian of the
kinematics of mobile robot with casters is not constant and is
a function consisting of the heading direction of each caster.
It is greatly different from mobile robots with rigid wheels
or omni-directional wheels. Therefore, we need to calculate
each component in Jacobian by using the angular information
of encoders installed on the pivot shafts in real time. The
robot coordinate system is set as shown in Fig. 4 and Fig.
5. The kinematics between the motion vector of the robot



g on the origin "o of the robot coordinate system and the
angular velocity vector of casters w can be expressed as the
following equation [7].
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Jacobian J is expressed as the following equation.
J=R"'[J, J,] (6)

Here, w,,; and w; denotes the angular velocity of the wheel
shaft and the pivot shaft, respectively. r denotes the radius
of the wheel and s denotes the length of offset. ¢; denotes
the angle of the pivot shaft. L denotes the distance between
the origin "o and eacmvot shaft, and 6; denotes the angle
between "z-axis and "oc;.

B. Characteristics of Servo Brake

The robot moves based on only the external force and
moment applied to it, because it does not have any actuators
such as servo motors. This is a very important feature in
realizing safety actions. It is obvious that the characteristics
of the brake system of wheel are complicated compared to
a motor-wheel system. The characteristics of brake system
depend on the wheel rotational direction. The sign of output
torque of the wheel is decided by the direction of the wheel
rotation and the magnitude of the torque is proportional to the
input current of the brake. We have the following condition
between the angular velocity of the wheel and the braking
torque of a brake-wheel system.

TpWy S 0

)

where 73, is the brake torque generated by the servo brake
and w,, is the angular velocity of the wheel with a servo
brake. This condition is the servo brake control constraint
and indicates that one cannot have arbitrary torque from a
servo brake. Therefore we need to consider the feasible brake
torque 7, during motion control of a robot [6].

C. Motion Control of Passive Mobile Robot

Under the assumption that the center of mass m of the
robot is the position of the rigid wheel, as shown in Fig.
4, the damping coefficient is defined as D, the inertial
moment and the damping coefficient around the center of
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mass are defined as J and Dy, respectively, and the velocity
and the acceleration on the position of the rigid wheel
are defined as g, and @, respectively. This robot does
not consider the velocity, the acceleration and force of "y
axial direction because this robot has a rigid wheel and
could not move to "y axial direction according to the non-
holonomic constraint. Therefore, a position and an orienta-
tion of the rigid wheel is difined with respect to the >

as q, = ["xw a]T. The robot’s dynamics, based on the
[fn nh]T applied by a human and
the braking force/moment F' [ fo nb]T
the servo brakes, is expressed as follows:

force/moment F'j,

generated by

Mq,+Dgq,=Frp+F, (8)
where,
m 0 D 0
=5 S lo=[ 7 5, ]
_ rxw _ fh _ fb
qw_|: o :|7Fh_|:nh:|7 _I:nb:| (9)

where M € R?*? is the inertia matrix, and D € R%*? is the
damping matrix. In this research, the braking force/moment
Fy = [ fo nb]T generated by the brakes is controlled for
realizing an arbitrary motion of the robot and, as shown in
Fig. 4, we derive the brake torque 7}, = [7,1  Tp2] for each
wheel as follows:

(10)

l 1

cos @1 cos oo

—Bsin d)l — L cos (bl

=S| =

—Bsin ¢2 + L cos ¢)2

where B is the distance between the origin "o of the robot
coordinate system and the position of the rigid wheel.

Now, we consider the case that we can not derive the
inverse matrix of A. In this case, the determinant of matrix
detA is derived as

detA = %{B sin(¢1 — ¢2) + gcos prcospa} =0 (12)

where eq.(12) has equality if

¢1 = 90° or 270° and ¢ = 90° or 270° (13)
This is the singular position of the robot as shown in Fig.
6. However, in this paper, we do not control the system
in the case expressed in eq.(13), because this case is very
short period and the casters change the direction immediately
based on external force and moment. We will consider how
to control the robot at the singular point as future works.
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Singular Orientations of Casters

TABLE I
MoOTION TYPE BASED ON BRAKE CONDITIONS OF THE ROBOT

Sign of Angular Wheel Velocity
Caster Left + + - -
Caster Right + - + -
Motion Type 1 2 3 4

D. Feasible Braking Force/Moment

As mentioned in the previous section B, we need to
consider that the servo brake applies a torque to the wheel
according to the sign of the rotational direction of the wheel,
which influences the feasible braking force and moment
applied to the robot. The derivation of the feasible braking
force and moment based on the servo brake condition is very
important for control of the passive robot system.

Here, we consider the relationship between the direction of
casters and the feasible braking force and moment. First, we
classify the motion of the robot into 4 different cases based
on the signs of the angular velocities of the wheels of two
casters as shown in Tab.l. The motion types of the robot can
be classified by 9 different cases exactly, if we consider that
the velocity of a wheel equal to zero. However, in this paper,
we only consider that each wheel rotates with a velocity for
the simplicity of the discussion. In each motion type, the
servo brake control constraint in eq.(7) should be considered
in the derivation of the feasible braking torques. The feasible
braking force and moment are generated by using these
feasible braking torques and the following equation.

FbZATb (14)

We explain how to derive the feasible region of braking force
and moment theoretically in [6]. The example of the feasible
braking force and moment set in the case of Motion-Type 1
is shown in Fig. 7. In Fig. 7 the horizontal axis expresses
the feasible braking force " f,, along "z and the vertical axis
expresses the feasible moment "n,. As you can see, the
feasible braking force and moment are limited.

Next, we explain the feasible braking force and moment
based on the servo brake condition [6]. We define F'; and
F,, as the desired force/moment and the feasible brak-
ing force/moment, respectively. During controlling a mobile
robot, the desired force/moment F'; should be generated in
real time which are determined by the control law applied to
the system such as motion control for path tracking, obstacle
collision avoidance, impedance control, etc. For an active
type robot using servo motors, we just simply command to
servo motors of the robot to generate torques for realizing
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Fig. 7. Control of Robot Based on Feasible Braking Force and Moment

this desired force/moment F';. However, in the control of
a passive robot system, the feasible force and moment are
always depending on the current motion of the system.

If the desired force/moment F'; is within the feasible force
and moment set in the current motion of the robot which
is determined by the sign of the angular velocities of the
wheels explained above, we can command the brake torques
of the wheels directly as F',, = F5. On the other hand, of
course, many cases exist that the desired force/moment F';
is located out of the feasible set of the force and moment, and
cannot be generated by servo brakes. One typical example
is that a passive robot cannot generate force or moment for
accelerating the motion of the object by itself.

The system considered here is that a human operator is
pushing or pulling the robot and from eq.(8) the system
dynamics can be rewritten as follows:

M q,+Dq,=Fn+F, 15)

where the force/moment F';, applied by the human could be
divided into two elements. One is the driving force/moment
F, utilized for moving the robot along the pushing or
pulling direction of the human, and the other is the assistive
force/moment F', for realizing the several functions such as
path tracking. This relationship is illustrated by the following
equation.

Fp=F,+F, (16)

We discuss a motion control algorithm of the robot for
realizing the several functions. The dynamics of the robot are
expressed by eq.(16), and we consider the apparent dynamics
of the robot expressed as follows:

This equation means that the robot is moved based on the
driving force/moment F'; and the desired force/moment F';
for realizing several functions.

From eq.(15) - eq.(17), we derive the following equation
with respect to the braking force/moment F,.

F,=F;-F, (13)

If we can specify the feasible brake force/moment F,,
based on the above equation, the apparent dynamics of the
robot expressed by eq.(17) is realized. In other words, eq.(18)
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Fig. 8. Direction of Casters and Feasible Braking Force and Moment

means that the desired force/moment F'; is generated by
the composition of the feasible braking force/moment F',,
and the assistive force/moment F', which is a part of the
force/moment applied by the human as shown in Fig. 7 when
F'; is out of the feasible braking force/moment set. From Fig.
7, you can see that we need to generate torques for realizing
the braking force and moment F,,, within the feasible braking
force and moment set.

However, in this robot system with casters, since the
braking force/moment F, = [f, nb]T is a function of ¢;
(the direction of casters) in eq.(14), the set of feasible braking
force and moment changes based on the direction of casters
as the example shown in Fig. 8. Different from the robot with
rigid wheels or omni-directional wheels, like RT Walker or
PRP, we need to consider not only the direction of the wheel
rotation but also the direction of casters during controlling
the robot. One example of the relationship between F',, and
the set of the feasible force and moment in the path tracking
function is shown in Fig. 9. In the case of Fig. 9(a), the
feasible braking force and moment F',, is located within the
set of the feasible force and moment and the system can
generate the desired force and moment F';. On the other
hand, in the case of Fig. 9(b), the desired force and moment
F'; is within the feasible force and moment set, so that the
system can generate the desired force and moment as F',, =
F;. As above, we need to consider the current motion of the
system which includes both the sign of the angular velocities
of wheels and the direction of casters to generate the feasible
braking force and moment properly.

IV. EXPERIMENT

In this paper, we conducted two experiments for illustrat-
ing the validity of the proposed passive robot system and its
control algorithm. One is the experiment of the path tracking
function and the other is the collision avoidance function. In
both experiments, we consider that a human operator applies
a force to the robot by pushing or pulling the robot.

A. Path Tracking Control

For illustrating the validity of this passive robot, we
experimented the path tracking function with this robot. In

46

Representative
Point

Jf,cose | Desired Path

\@J\*

w

|
\

(a)Example 1

Desired Path Represgntatlve
£, cosax Point

I=
L=N )
F;ZO bt :El
rf;‘ :

(b)Example 2

Fig. 9. Relationship between F',, and Feasible Braking Force and Moment

this experiment, a human applies a force along the z-axis of
the robot coordinate system by pushing as shown in Fig. 10
and the robot is controlled based on the desired braking force
fp along y-axis of the global coordinate system to follow a
line which is designed as follows:

2% cur
Ydes = bcos —b (19)
a
. 27Tbo'rcur . 27T0xcur
Oydes - S111 (20)
a a

where °yq.s and °Yq.s express the desired position and the
velocity of the robot along y-axis of the global coordinate
system, and °x.,, and °z.,, are the real position and the
velocity along z-axis of the global coordinate system. Here,
b = 4.0lm], a = 0.25[m]. From these equations, we can
design the desired braking force f, as following equation
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for the path tracking control [6].
o —Kp(°y —° Ydes) — Ka() = Jaes)  (21)
fo = fpsina (22)
n, = Rf,cosa (23)

where f,, is applied to the representative point on the front of
the robot as shown in Fig. 9, °y and °y are the real position
and the real velocity along y-axis of the global coordinate
system, K, and K are the proportional and derivative gains,
and R is the distance between the position of the rigid
wheel and the representative point on the front of the robot,
respectively.

Experimental results are illustrated in Fig. 11. Fig. 11(a)
expresses the position and the orientation of the robot on xy-
plane, Fig. 11(b),(c) express the position and the velocity of
the robot along °y direction with respect to the time. Fig.
11(d) expresses the orientation of the robot with respect to
the time, and Fig. 11(e) expresses the angle of each pivot
shaft. Fig. 11(f),(g) are braking force and moment applied
to the robot with respect to the time. From Fig. 11, the path
tracking function is successfully achieved.

B. Collision Avoidance Control

In this section, we experimented the collision avoidance
control. In this experiment, we derive the virtual force and
moment generated based on environmental information to
avoid collision with obstacles. We use a method called
artificial potential field, proposed by Khatib [8], which is
generally used in research on robot collision avoidance. We
designed the artificial potential field U(qp) based on the
positions of obstacles as follows [5]:

k(l + cos :Op(qR)> (p(ar) < po)

0

U(qr) (24)

(P(gr) > po)

where ¢ = [°zRr,° YR, o] is the position and orientation of
the representative point on the front of the robot, as shown in
Fig. 12, k is the positive constant gain, p(qp) is the shortest
distance from g to an obstacle, and p, is the limit distance
of the potential field influence. From eq.(19), U (qp) is larger
than zero and increases when the robot is close to obstacles.
On the other hand, when p(qp) is larger than p,, U(qp) is
equal to zero.

From eq.(19), we generate the virtual force and moment
F(qp) applied to the position of the rigid wheel as follows:

F(qp) = -VU (25)
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where VU is the gradient vector of U with respect to gp.
From this equation, we can derive the virtual force F(qp)
applied to the position of the rigid wheel as follows:

km T

E (qR)SinE (ar)

0

Flap) (p(g@r) < po)

(26)
(p(ar) > po)
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From eq.(21), we derive the virtual force and moment F', =
[ fr nr] T applied to the position of the rigid wheel and the

braking force and moment F', = [ o nb]T as follows:
fo = fr = —Frcos Ax 27
ny = n, = RFrsin Aa (28)

where R is the distance between the position of the rigid
wheel and the representative point, and Fr and A« are
expressed as

Fr=\/F2(°zR) + F2(°yR) (29)
_ -1 F(OxR>
Ao =« — tan m (30)

In this experiment, a human applies a force along the x-
axis of the robot coordinate system by pulling as shown
in Fig. 13. Three obstacles are placed at A(1.5,0.5),
B(3.0,—0.5), C(4.5,0.5) on zy-plane as shown in Fig.
13 and we specify the positions of three obstacles to the
robot in advance. We generate an artificial potential field
by specifying the following parameters: p, = 0.8, R =
0.3, k=8.0.

Experimental results are illustrated in Fig. 14. Fig. 14(a)
expresses the path of the robot with respect to xy-plane when
the human applies a force by pulling. The motion of the
experiment is shown in Fig. 14(b). From Fig. 14, you can
see that the robot avoids collision with obstacles and collision
avoidance motion is realized by controlling the braking force
of casters appropriately.

V. CONCLUSION

In this paper, we introduced a new passive-type object
handling robot consisting of casters with servo brakes based
on a concept of passive robotics. This robot consists of two
casters with servo brakes and one passive rigid wheel. We
proposed the fundamental motion control algorithm of this
robot system. The analysis of the feasible braking force and
moment set, which depends on the motion of system and
the direction of casters, are provided. The proposed motion
control algorithm is implemented to the robot actually, and
experimental results on the path tracking motion control and
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the collision avoidance motion control illustrated the validity
of the proposed system and algorithm.

As future works, based on the fundamental motion control
algorithm, we will develop a passive mobile robot with three
or four casters with servo brakes which can move in all
directions. In addition, we will consider the singularity and
the redundancy of the robot with many casters, and focus on
the improvement of the maneuverability of the moving bases
with casters used widely in the real world.
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