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Motion Control of Passive Mobile Robot with Multiple Casters
Based on Feasible Braking Force and Moment
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Abstract— We introduce a passive mobile robot called C-
PRP (Caster-type Passive Robot Porter). This robot consists
of multiple casters with servo brakes and a controller. C-PRP
employs passive dynamics with respect to the force applied
by a human. Its appropriate motion is controlled using the
servo brakes. In this paper, we derive and analyze a feasible
braking force/moment that can be applied to the robot on the
basis of the characteristics of the servo brakes. In addition, we
propose a motion control algorithm for C-PRP based on the
analysis of this feasible braking force/moment. This algorithm is
independent of the number of casters. The proposed algorithm
is applied to a four-wheeled C-PRP and the experimental results
confirm its validity.

I. INTRODUCTION

Robots are expected to flourish in the medical/welfare
field, and the human living environment to work in coop-
eration with humans. Many researchers have studied human-
robot cooperation issues [1]-[5]. The safety of users uti-
lizing robot systems in these environments must be taken
into consideration. Most robots use servo motors to control
their motion. As such, if these servo motors cannot be
appropriately controlled, the robots may perform undesired
movements and could potentially pose a safety threat.

From a safety point of view, Goswami et al. proposed
the concept of passive robotics in which a system moves
passively based on external force/moment without using
servo motors [6]. Peshkin et al. developed an object handling
system called Cobot [7] that consists of non-offset casters
and controls only the steering angles with the servo motors.
Wasson et al. [8] and Rentschler et al. [9] also proposed
passive intelligent walkers.

We too developed a passive intelligent walker called RT
Walker to support the walking of people with disabilities and
the elderly [10]. It differs from other passive robots in that
it controls the servo brakes attached to wheels appropriately
to realize several functions without the use of servo motors.
We also developed a passive object handling robot called
O-PRP (Omnidirectional-wheel-type Passive Robot Porter)
[11]-[13]. O-PRP consists of three omnidirectional wheels
with servo brakes. It also controls its own motion using the
servo brakes as RT Walker does. These passive systems are
intrinsically safe because they cannot move unintentionally
with driving force. It is expected that passive robotics will
continue to prove useful in many types of intelligent sys-
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tems that employ physical interaction between systems and
humans.

In this research, we extended the brake control technolo-
gies of the RT Walker and the O-PRP to the control of a new
passive mobile robot. This robot is called C-PRP (Caster-
type Passive Robot Porter). A caster has two rotary shafts:
a wheel shaft and a pivot shaft. The pivot shaft is placed
away from the wheel shaft at the length of the offset. A
caster can move in all directions, like an omnidirectional
wheel, because the pivot shaft rotates passively on the basis
of external force/moment. However, a caster has certain
advantages over an omnidirectional wheel: it moves with less
vibration, has a high withstand load, and offers high step-
climbing performance. Given this, casters are widely used
for moving many kinds of objects in our daily lives.

The control of casters based on the concept of passive
robotics will enable us to develop several kinds of passive-
type moving bases depending on the applications. We could
also add numerous functions such as collision avoidance and
path tracking to the moving bases with casters that are widely
used in the real world. For example, we could realize safety
and high performance in an object handling system that deals
with large, long, or complicated shaped objects.

In previous studies, we developed a prototype C-PRP
consisting of two casters with servo brakes and one passive
rigid wheel. We also proposed a fundamental motion control
algorithm for this robot system [14]. In this system, the rigid
wheel constrained the motion in the axial direction according
to the nonholonomic constraint. Therefore, we could achieve
motion control of this system by controlling the two casters
with servo brakes. However, this algorithm was adjusted only
to this system.

Fig. 1.

Caster Type Passive Robot Porter (C-PRP)
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Fig. 2. Caster with Servo Brake

In contrast, when we transport an object using a moving
base consisting of casters, we can arbitrarily choose the
number of casters on the basis of the weight or shape of an
object. It is thus advisable that the motion control algorithm
of C-PRP be independent of the number of casters.

In the next section, we first introduce the new C-PRP
that consists of multiple casters with servo brakes; it can
move in all directions. Next, we discuss the characteristics
of C-PRP. Specifically, we derive and analyze the feasible
braking force/moment applied to the robot on the basis
of the characteristics of the servo brakes. In addition, we
propose a motion control algorithm that is adaptable to C-
PRP, consisting of multiple casters, based on the analysis
of the feasible braking force/moment. Finally, the proposed
algorithm is applied to a four-wheeled C-PRP, and the
experimental results confirm the validity of the proposed
algorithm.

II. CASTER TYPE PASSIVE ROBOT PORTER (C-PRP)

We developed a passive mobile robot with casters called
C-PRP based on the concept of passive robotics [6], shown
in Fig. 1. The caster with a servo brake is shown in Fig. 2.
A servo brake is installed only in the wheel shaft of each
caster because free rotation of the pivot shaft is important in
this passive system.

Two encoders are also installed on the wheel shaft and the
pivot shaft of each caster for odometry. These encoders are
incremental encoders that allow measurement of the relative
position of the shaft. However, this system needs to measure
the absolute position of each pivot shaft, thus a U-shaped
micro photo sensor and an L-shaped hook are attached to
each caster, as shown in Fig. 2. We can initialize the encoder
information by using them and we can determine the absolute
position of each pivot shaft.

The control performance of the robot depends on the
characteristics of the servo brakes. We used Powder Brake
(Mitsubishi Corp., ZKG-20YN, maximum on-state torque:
2.0[Nm]) as the servo brake. It provides high reliability in
terms of responsiveness and good linearity in controlling the
wheel braking torque.

III. CHARACTERISTICS OF C-PRP

A. Control Condition of Servo Brake

C-PRP moves solely on the basis of the external force and
moment applied to it as it does not have any servo motors.

Representative ¢
Point Sn

[w

Point of contact

(b) Caster

Fig. 3. Coordinate System of C-PRP

This is a very important safety feature. The characteristics
of a brake-wheel system are significantly more complicated
compared to a motor-wheel system. The characteristics of
the brake system depend on wheel rotational direction. The
direction of wheel rotation determines the sign of the wheel’s
output torque. The magnitude of the torque is proportional to
the input current of the brake. The following condition exists
between the angular velocity of the wheel and the braking
torque of the servo brake.

Ty, bw, <0 (i€1,---,n) (1)

where 7, is the braking torque generated by the servo brake,
éwi is the angular velocity of the wheel, and n is the
number of casters. This condition is the servo brake control
constraint; it indicates that a servo brake cannot generate
arbitrary torque. Therefore, we need to consider the direction
of wheel rotation and the feasible braking torque 73, during
motion control of a robot.

B. Feasible Braking Force and Moment

The servo brake control constraint, as mentioned in the
section A, influences the feasible braking force/moment
applied to the robot. First, the set V' of the torque 7, with
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Fig. 4. Feasible Braking Force and Moment Set B(U) (Ex.1)

servo motors is shown as follows:

V:{ZTmiei’h'mi <Tmaz (GEL---n)} (2
=1

where
[er -+ en] =diag(1,---,1) (3)

However, all torques in this set V' are not feasible using
the servo brakes. The feasible braking torque set U is derived
by considering the servo brake control constraint in Eq. (1)
as follows:

U= {E :Tbiei ‘ ‘Tbi| < Tmaz, Tbiéwi S 0 ('L S 1a 7”)}
i=1
4)

In conventional research on O-PRP, we have classified the
motion of the robot on the basis of the signs of the wheels’
angular velocities. In each motion type, the servo brake
control constraint in Eq. (1) should be considered in the
derivation of the feasible braking torques. In this system,
however, the casters change their direction passively on the
basis of external force/moment. Therefore, the wheels of all
casters rotate in a constant direction except for singular mo-
tion such as the turning movement of casters. For simplicity,
in this paper, we assume that the rotational direction of each
caster’s wheel is constant. We only consider the case of this
motion type.

Next, we consider the relation between the braking torques
and the braking force/moment. The robot coordinate system
of n-wheeled C-PRP is set at the center of the polygon
configured by the points ¢; of pivot shafts, as shown in
Fig. 3(a). We define the resultant braking force/moment
applied to the robot with respect to the > as "F}, =
["fo. "fs, "ms.]T. We can express the relation between
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Fig. 5. Feasible Braking Force and Moment Set B(U) (Ex.2)

the braking torque 7, = [, 7p,,]7 and the resultant
braking force/moment " F', applied to the robot as follows:

T,Fb = ATb (5)

where

Ai = I/Ti [COS ¢Si sin ¢Si l; sin (¢81 - 91)] ! 7

where 7; denotes the radius of each wheel, and ¢,, denotes
the angle of each pivot shaft, as shown in Fig. 3(b). [; denotes
the distance between the origin "o and Eaﬁh pivot shaft. 6;
denotes the angle between "x-axis and "oc;.

We can derive the feasible braking force/moment set B(U)
from the feasible braking torque set U and Eq. (5) as follows:

B(U) :{imvi I, €U GEL-n)} (@8

where
T T

[’Ul 'Un} :A[el en] 9)
Figure 4 shows the sets of B(U) and B(V) when each
caster’s angle of three-wheeled C-PRP is ¢, = 80°, ¢5, =
45°, and ¢, = 30°, respectively. B(U) is a subset of B(V).
Note that the three axes of the coordinate in Fig. 4(a) express
the forces " f;, " f, and moment "n on the robot coordinate
system. The two axes in Fig. 4(b) express " f, and " f,,. The
two axes in Fig. 4(c) express " f, and "n.

C. Analysis of Feasible Braking Force and Moment

Here, we focus on Eq. (5), which derives the braking
force/moment " F';, from the feasible braking torque 7. The
feasible braking force/moment set B(U) changes on the basis
of the direction of casters ¢, in real time because matrix
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Fig. 6. Feasible Braking Force and Moment Set B(U) (Ex.3)

A is a function of ¢,, in Eq. (5). Therefore, in this section,
we analyze the change of the feasible braking force/moment
set B(U) in more detail. In addition to the aforementioned
example shown in Fig. 4, two more examples of the feasible
braking force/moment sets B(U) are shown in Figs. 5 and
6. Figures 4 and 5 show examples of object transportation
to another place. Figure 6 shows an example of C-PRP
orientation change.

In this paper, we assume that the motion of C-PRP has an
instantaneous center of rotation x;cr during movement, as
shown in Fig. 4(a). Example 1 is a case in which z;coR is
near the robot, as shown in Fig. 4. Example 2 is a case in
which x;¢ R is at infinity, as shown in Fig. 5. Example 3 is a
case in which x;¢g is the origin "o of the robot coordinate
system, as shown in Fig. 6.

First, we focus on the feasible braking forces on the
" f" fy plane. Figures 4(b) and 5(b) show that the direction
of the feasible braking force is limited. Furthermore, Fig.
5(b) shows that the system can generate braking force only
in one direction during rectilinear travel because C-PRP
performs a singular motion and all casters of C-PRP face
in the same direction. In contrast, Fig. 6(b) shows that the
feasible braking force is generated omnidirectionally.

Next, we consider the moment "n,. Figures 4(c) and 5(c)
show that the moment is generated in both directions. Figure
6(c), however, shows that the moment is generated only in
the opposite direction of the robot’s rotational direction.

It is thus evident that, in order to generate the feasible
braking force/moment properly, we need to consider the
current motion of the system, which includes the following
two factors: the sign of the angular velocities of wheels and
the direction of casters.
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IV. MOTION CONTROL OF C-PRP BASED ON FEASIBLE
BRAKING FORCE AND MOMENT

A. “Reference Direction” for Control of C-PRP

As mentioned in section III C, the feasible braking
force/moment changes on the basis of the direction of
casters in real time. Here, we consider the case of object
transportation to another place. As shown in Figs. 4(b) and
5(b), on the " f,” f, plane, the feasible braking force can be
generated sufficiently in a certain direction. However, it is
limited to the direction perpendicular to this direction.

Given this, we define the reference direction for control
of C-PRP based on the feasible braking force/moment. We
define the reference direction for control of C-PRP as the
opposite direction of the direction in which the biggest
braking force can be generated on the " f,,” f, plane, as shown
in Fig. 7(a). In fact, this reference direction is approximately
the same as that of the robot’s velocity in the case of object
transportation to another place. For simplicity, we transform
the coordinate axes on the basis of the reference direction as
follows:

Y fe cos® sin® 0] ["fs
Ufyl = |—sin® cos©® 0| |"fy (10)
U?’lz 0 0 1 Tnz

where ¥ f, ¥ f, and “n. denote the force and moment with
respect to the coordinate system ), based on the reference
direction, respectively. Figure 7 shows the coordinate trans-
form of the feasible braking force/moment set B(U) of Ex.
1 shown in Fig. 4.

B. Concept of Motion Control for Passive Mobile Robot with
Servo Brakes

Next, we consider controlling C-PRP by using the force
Y f, and the moment “n.. In this section, we explain how
to generate the braking force/moment based on the fea-
sible braking force/moment set [11]. We define “F'; and
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YF,, as the desired force/moment and the feasible braking
force/moment, respectively. The desired force/moment *F';
should be generated and determined in real time by a
control law such as motion control for path tracking, obstacle
collision avoidance, and impedance control.

If the desired force/moment “F'; is within the feasible
braking force/moment set B(U), we can command the
braking torques of the wheels directly as "F,, =" F';.

Next, we consider the case that Y F'; is out of the feasible
braking force/moment set B(U). In this research, a human
operator applies a force to the robot by pushing it. The
force/moment " F';, applied by the human can be divided
into two elements. One is the driving force “F'; utilized
for moving the robot in the reference direction, and the
other is the compensating force/moment “F'... The following
equation illustrates this relation.

"Fp="F;+"F, (1)

The compensating force/moment “F'. generates a
force/moment that the feasible braking force/moment ”F',
cannot for generating the desired force/moment V F';. In other
words, we can achieve the desired force/moment "F'; by
composition of the feasible braking force/moment *F',, and
the compensating force/moment "F'., as shown in Fig. 8.
Equation (12) illustrates this relation.

lUFd:UFw"'UFc (12)

As a result, we can express the dynamics of C-PRP as
follows:
M g+D"V"q="F;+"Fy (13)

where

m 0 D 0 v | Yz
Sl B R B B
where M € R?*? is the inertia matrix, D € R?*? is the
damping matrix, and Yq is a position and an orientation of
C-PRP with respect to the ) . This equation means that
C-PRP is moved on the basis of the driving force " F'; for

moving the robot in the reference direction and the desired
force/moment Y F'; for realizing several functions.

Thus, we need to derive the feasible braking force/moment
v F,, within the braking force/moment set B(U) on the basis
of the relation expressed by Eq. (12).

C. Motion Control Algorithm for C-PRP

A caster can move in all directions because the pivot
shaft rotates passively on the basis of external force/moment.
When we transport an object using a moving base consisting
of casters, we can choose the number of casters flexibly on
the basis of the weight or shape of an object. Therefore, it is
advisable for the motion control algorithm of C-PRP to be
independent of the number of casters.

This algorithm is based on the concept of motion control
for the passive mobile robot, as mentioned in the previous
section. We also consider deriving the feasible braking
force/moment ' F',, as the compensating force/moment " F',
becomes as small as possible.

Figure 9 presents a flow chart of the motion control
algorithm for C-PRP. First, the desired force/moment " F'; =
[” fd., ”ndz]T is determined by the control law applied to
the system. Next, we redefine matrix A in order to control C-
PRP by using the force ” f, and the moment “n, as follows:

cos (¢s, — O)

[ cos(gs, — ©)
A L sin(o., — 6,)

2xXn
o ll Sin(¢sl — 91) €R

5)
We derive the braking torque 7, using new A as follows:

T, =AY F,+ (I - ATA)k (16)

where AT € R"*? is the pseudoinverse matrix of A, k €
R" is an arbitrary constant vector, and I € R"*"™ is a unit
vector. In fact, in this paper, we define k = 0. In future
work, we will consider the control using the redundancy of
the robot by choosing k on the basis of a control law. Using
the pseudoinverse matrix of A, we can derive the braking
torque T, independently of the number of casters.

Further, we determine whether or not the braking torque
T derived from Eq. (16) meets the servo brake control
constraint shown in Eq. (1). If all of the braking torques 7
meet this condition, then ”F'; is within the feasible braking
force/moment set B(U). Therefore, we can command the
braking torques of the wheels directly.

However, if even a single braking torque of 7}, does
not satisfy this condition, we consider realizing "F'; by
composition of the feasible braking force/moment *F',, and
the compensating force/moment “ F'.. First, we redefine A
as A and Tp as Tpyp as follows:

A, O c R2X(n+2)

A = A 0 A

a7)

z

Torn =1, - T, “fn, "np.]T e R (18)

where A, and Aj_ are constant: O or 1, respectively. They
decide whether we can utilize the compensating force " f.,
or the compensating moment “n.. or not. In this paper,
we define Ay, = 1 and A,, = 0 because we assume
that the human operator applies the compensating force
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Fig. 9. Flow Chart of Motion Control Algorithm for C-PRP

only in the reference direction and does not apply the
compensating moment. In fact, if the system can determine
the force/moment applied by the human using the force
sensor, the compensating moment “n,_ can also be used for
control by defining A\, = 1. We recalculate the braking
torque Typ, using Egs. (16), (17), and (18).

Nevertheless, when even a single braking torque of T
does not satisfy the condition, we exclude the caster not
satisfying the condition for control. Specifically, we define
the switch matrix A, and redefine A as A" as follows:

A =A'A, (19)
where
SA, 0
A, = 0 (20)
0 A,
0 I,
where I, € R**? is a unit vector and sa,(i € 1,--- ,n) is

constant: O or 1. If the braking torque 75, does not satisfy
the condition (7;ww; < 0), we define s 4, = 0. If it does, we
define s4, = 1. As a result, we can exclude the caster not
satisfying the condition for control. This algorithm enables
the compensating force/moment to cover the force/moment

that should be generated by the braking torque which does
not satisfy the condition. Furthermore, the torque T44p
derived by the first term of the right-hand side of Eq. (16)
was the solution minimizing the Euclidean norm ||7p4p]|
when the solution is nonunique. As a result, we can derive
the feasible braking force/moment “F',, to minimize the
compensating force/moment “F..

In conclusion, we can realize the desired force/moment
YF; through composition of the feasible braking
force/moment “F,, and the compensating force/moment
YF..

V. EXPERIMENT

We applied the algorithm proposed in the previous section
to four-wheeled C-PRP, and conducted an experiment to
confirm the validity of C-PRP and its control algorithm. In
this experiment, we assume that a human operator applies
force/moment to C-PRP by pushing it.

A. Attitude Control

We experimented with four-wheeled C-PRP to achieve a
simple attitude control function. In this experiment, we derive
the desired moment “n4, to keep the orientation of C-PRP
constant as follows:

“na, = Kp, (Qdes — @) + K, (Qges — &) 21

where «og4.s and (4.5 denote the desired orientation and
the desired angular velocity of C-PRP, o and & are the
current orientation and the current angular velocity of C-
PRP, and K,, and K, , are proportional and derivative
gains, respectively. We define the desired orientation and
the desired angular velocity as ages = 0 and ages = 0,
respectively. Thus, the desired force/moment is derived as
'UFd = [O vndZ]T

In this experiment, a human applies the force/moment to
C-PRP through the following five processes:

Step 1: Apply the Moment Intentionally to C-PRP
Step 2: Apply the Force in the "z Positive Direction
Step 3: Apply the Force in the "y Positive Direction
Step 4: Apply the Force in the "x Negative Direction
Step 5: Apply the Moment Intentionally

In addition, we measure the force applied by the human
for evaluation of experimental results using the force sensor
attached to C-PRP.

The experimental results are illustrated in Figs. 10 to 12.
Figure 10(a) shows the path of the robot on the xy plane,
Figure 10(b) shows  F';, applied by the human. Figures 11(a)
and (b) express the orientation of C-PRP and the braking
moment applied to C-PRP with respect to time, respectively.
Figure 12 shows the motion of the experiment. Figures 13
and 14 express one example of the relation between “F',,,
F ds and *F h-

From Figs. 10 and 11, it is evident that C-PRP keeps its
own initial orientation although the human applies several
types of force/moment to the robot. Figures 13 and 14
show that C-PRP generates the appropriate feasible braking
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Fig. 10. Experimental Results 1 for Attitude Control

force/moment. In other words, “F'; is realized by composi-
tion of YF',, and “F'.. In addition, Y F'. becomes as small
as possible because " F',, is generated on the border of Set
B(U). C-PRP thus appropriately achieves the desired motion
based on the proposed algorithm.

In this experiment, “Fy; is one example of the
force/moment that is obviously located out of the feasi-
ble braking force/moment set B(U). Nonetheless, we can
achieve Y F'; by composition of Y F',, and Y F'.. Therefore, by
appropriately determining the desired force/moment by some
control law, we can realize several kinds of motion control
such as path tracking control, impedance-based motion con-
trol, collision avoidance control, and gravity compensation
control on a slope, as mentioned in conventional research
[10]-[14].

VI. CONCLUSION

In this paper, we introduced a caster-type passive ob-
ject handling robot called C-PRP consisting of multiple
casters with servo brakes. We derived the feasible braking
force/moment applied to the robot on the basis of the
characteristics of the servo brakes. In addition, we analyzed
the feasible braking force/moment. On the basis of this
analysis, we proposed a motion control algorithm for C-
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Fig. 11. Experimental Results 2 for Attitude Control

(d) Step 3

(e) Step 4

(f) Step 5

Fig. 12. Experiment for Attitude Control

PRP that is independent of the number of casters. The
proposed algorithm was applied to four-wheeled C-PRP, and
experimental results on the attitude control confirmed its
validity.

In the future, we will consider the singularity and re-
dundancy of the robot with many casters to improve the
maneuverability of C-PRP. In addition, we will consider
modularizing a caster with a servo brake in order to be able
to arbitrarily choose the number of casters. Moreover, we
currently use servo brakes that can generate sufficient torques
for the control of the robot and do not consider maximum
torques. By increasing the number of casters, we can use
smaller servo brakes and can then consider how to distribute
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the braking torque to each caster.
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