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Abstract—A power-assisted cart controlled by forces applied
from an operator is designed and developed. This cart is
capable of determining the intended direction and velocity
of the force applied on the handle. An intuitive operation of
the cart is incorporated to facilitate the operator’s task as
the cart moves in any direction. The developed cart is
equipped with mechanum wheels so that it can move in any
direction. To improve its operability, the movement task is
classified into three types. The relationship between these
three types and the operation force is determined and the
cart’s kinematics derived. The derived Kkinematics are
experimented, though an unstable motion selection is
observed in some trials. This study reports a methodology
that aims to reduce this instability.

Index Terms— power-assisted cart, mechanum wheel,
operational force, omnidirectional mobile robot

I.  INTRODUCTION

A power-assist cart equipped with an electric motor on
a small pushcart enables the transportation of heavy loads
without resulting to extra burden carried by the operator.
However, the inability of the driving wheels of most of
these carts steer makes it relatively difficult to maneuver
such systems in a restricted space, since nonholonomic
constraints prevent it from undergoing lateral motion.
From the viewpoint of operability, non-restricted
directional motion is preferred.

A variety of mechanisms have been developed
containing  holonomic  omnidirectional movement
mechanisms [1-3]. The omni and mechanum wheels both
have a free roller on the outer circumference of the wheel,
and each wheel rotates under the influence of a driving
force with one degree of freedom. Multi-directional
motion is thus possible as a result of the operation of the
free rollers by combining the action of three or more
wheels. However, these types of wheels are poor at
overcoming steps. Using caster-type mechanism, motion
in an arbitrary direction can be achieved by driving an
offset shaft as well as the wheels of the caster [4-6].
Omnidirectional motion in the ball-type mechanism is
achieved by transmitting the driving force in the direction
of two degrees of freedom to the spherical wheel [7].
These mechanisms can generate driving force in two
degrees of freedom for each wheel, allowing for multi-
directional motion if the system has at least two wheels.
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To ensure stability, the system should have more than
two wheels. Furthermore, each wheel has two motors,
which highly complicates the transmission mechanism.
The main movements involved in a displacement between
two points are along the longitudinal and turning
directions, while lateral movement is often used to adjust
the position. In such cases, it would appear that the
mechanum wheel, which does possess any complex
driven mechanisms and control methods, would be
suitable. Furthermore, overcoming small steps in the
longitudinal direction has proven possible. Fujiwara et al.
[8] in a study, realized that longitudinal and turning
motions by using a three-axis force sensor to measure the
operation force applied by the operator to the handle.
However, a rotation movement that changes the altitude
of the cart was not implemented. Operability clearly
improves with rotation. That is, mobile robots that follow
a target person using sensors [9, 10] and robots that
operate using a remote controller have been developed.
Although these robots are applicable in global
transportation, it is difficult to specify its local
movements. To operate the cart, the operator has to push
it directly.

An intuitively operated power-assisted cart that uses a
mechanum wheel, which can undergo multi-directional
motion, was developed [11]. The transportation mode
was classified into three types including translational,
rotational, and turning motions. Following the
transportation experimental results, the cart motion
sometimes show unstable features. Therefore, this study
reports on the conditions required for possible
improvement of motion selection. The configuration of
the proposed cart as well as its classification into three
groups is detailed in section 2, while the cart kinematics
for each motion are presented in section 3, and in section
4. In addition, a description of the manner of selection of
the above mentioned motions based on the operational
force is performed. Moreover, the conditions of the
turning motion and control stabilization are described.
Section 5 shows the efficacy of the proposed method
using the developed cart, while Section 6 concludes this

paper.
Il.  OVERVIEW OF THE OMNIDIRECTIONAL MOBILE
CART

A power-assisted cart, with key function to relieve the
burden imposed on the operator, was developed. The
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shape and size of the developed cart was similar to those
of a small conventional pushcart. The cart was equipped
with a table for carrying loads, with a capacity of up to
100 kg, and a top speed of 1 m/s. The operator holds the
cart’s handles and applied a force intended toward the
direction of motion. This force is called the “operational
force.” It is measured using a force sensor attached to the
handle of the cart. This enables the cart to recognize the
operator’s intention and move in the direction
corresponding to the magnitude and direction of the
applied operational force. Here no peculiar step is
assumed in the transporting work. To realize movement
in an arbitrary direction and reduce the burden on the
operator, the developed cart has mechanum wheels to
move omnidirectionally. The barrel-shaped, free-turning
roller also known as the “free roller,” surrounds the wheel
and inclined at 45°to the driven shaft of the wheel. The
mechanum wheel is capable of executing forward,

T

backward, lateral, and diagonal movements. Just as in a
typical four-wheeled vehicle, the mechanum wheel is
used in sets of four, with the ability to overcome small
steps. Each wheel is driven by an individual actuator with
movements from the resulting velocity and direction
determined by the four wheels.

To reduce the burden imposed on the operator and
improve the operability of the cart, the motions of the cart
are classified into three categories, which includes
translational, rotational, and turning motion. The altitude
of the cart remains constant during translational motion
(Fig. 1(a)). The rotational motion rotates around the
operator (Fig. 1(b)), while the turning motion rotates
along a certain turning radius (Fig. 1(c)). Combining
these three motions, it is possible to achieve any
movement required. The developed cart determines
which motion to realize from the operational force
applied to the handle of the cart.
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(a)Translational motion

Figure 1.

I1l.  KINEMATICS OF THE CART
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Figure 2. Coordinate system of the cart.

By solving the kinematics of the cart, we obtained
values for the wheel velocities, which assisted in realizing
the three motions, described above. The operator
coordinate system Y, is attached to the center of the
operator’s body (Fig. 2). The desired velocity and angular
velocity vectors are applied to ¥, as V = (4, 1}, w). This
was called the “desired velocity vector.” This velocity
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(b) Rotational motion
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(c) Turning motion

Representation of the three motions.

vector was provided by the operator. The wheels were
numbered from one to four counterclockwise. The wheel
coordinate system, which originates from the grounding
point of each wheel, is defined as Y; (i = 1-4). The cart
coordinate system, which originates from the center of
the cart, is defined as };.. The wheelbase of the cart was
defined as 2a, the tread length as 2b, the distance from
the origin from Y. to ¥, and },, to }; as d and n;,
respectively. The angle of the x-axis of Y, and r; was
defined as 6;. Vi, was defined as the velocity vector
generated by the rotation of the wheel driven by the
actuator, and Vi as the tangent velocity vector at the
ground point of the free roller. Each wheel moved with a
velocity vector V; = (Vi Viy) , which composed of
Viw and Vi However, only V;,, was controlled by the
actuator. The procedure for calculating V;,, is shown
below.

The free rollers were mounted at an angle of 45<
Given that V; is determined by V;,, and Vi, the speed
component of each wheel was represented using the
following equations:

Vig Vit

le = Vlw + ﬁ' Vly = ﬁ‘ (1)
Var Var
Vox = Viw + ﬁ' V2y = _ﬁ: (2)
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Ve =V Vst v Vst 3

3x — V1w ,—2' 3y — (_2’ ( )
Vas Vag

Vax = Vaw + —= > iy =—— R (4

Furthermore, each V; had the following relationship
with V:

Vix =% —riwsing;, Viy =V, + rjw cos 6;. (5)

To summarize (1)—(5), we solve for 1, as follows:

Viw] [T -1 —-n (sin6; + cos 6,)

Vaw| _ |1 1 —r,(sinf, —cosb,) | VX )
Vaw 1 —1 —r3(sinf;+cosb3) |||

Vaw 1 1 —r.(sinf, —cosb,)

A. Translational Motion

Herein, no change in the cart’s altitude was observed,
and all the wheel velocity vectors V; were equal to the
desired wvelocity vector V . Thereafter, w =0 was
substituted into (6), and then each velocity component of
Viw Calculated.

B. Rotational Motion

This was realized using the angular velocity w around
the operator. There was no translational motion while the
translational velocity components V5 and ¥, were set to
zero. r; was calculated from the geometric relationship.
Therefore, each velocity component of V;,, was computed
using (6).

C. Turning Motion

The turning motion is also demonstrated as V;, =V, =

0. The virtual rotation center P = (P,, P,) was defined in
>y . Rotational motion was then performed with the
desired angular velocity w around P. Herein, B, = 0 was
set for the operator to easily perform the turning motion.
The calculated distance between P and each coordinate
system, and from this and w, estimated V;,, using (6). In
the case of B, >0, V;, is solved using following

equation:
Vi |[1 -1 —(a+d—Py)]| .
Vaw| i1 1 —(a=d=R) ||, o
Vaw[ |1 -1 a+2b—-d+PR]||,
Viwl 11 1 a+2p+d+8)]

When B, < 0, V;,, is obtained as follows:
Figure 3. Illustration of operational force coordinate system.
© 2020 Int. J. Mech. Eng. Rob. Res

Vi [1 -1 —(a+2b+d—Py)] .
KZW 1 —(a+2b—d—Py|0_ ®)
sw| | 1 -1 a—d+B ||,
Vawl |1 1 a+a+p ]

By using these equations, it is possible to determine
Viw and realize the required motion. The next section
contains information on the selection of the classified
three motions using the given operational force.

IV. RELATIONSHIP BETWEEN OPERATIONAL FORCE
AND CART MOVEMENT

The operational force applied to the handle determines
the desired velocity and direction of the power-assisted
cart. The force sensor attached to the handle measured the
force applied by the left and right hands of the operator.
Two sensor coordinate systems, namely, Yy and
Yrr(Fig. 3) were set. The force vectors Fj, = (FLX, FLy)
and Fp = (FRX, FRy) were measured in Y and
Yrpo respectively. These sensor coordinate systems
originate at the distance S; from the center position h. of
the handle and are parallel to };,. From the values of the
two force sensors, the intended motion of the operator
was estimated and the relationship between the
operational force and the desired velocity vector was then
described.

A. Desired Velocity Vector for Translational Motion

When the signs of F;, and Fy are identical and when the
difference between the sizes of F;, and Fg is within Fjpnic,
the cart performed translational motion.

FLX > 0, FRx > 0or FLX < 0, FRX< 0, (9)
|FLx — Frxl < Fiimie (10)
Under these conditions, the desired velocity
components were calculated using the following equation.

Fix +F
V= axu (11

2

o= o iy TRy (12)

y =T
where, a, and ay, are positive weighting coefficients
related to the velocity and operational force.

Figure 4. Diagram showing the virtual rotation center.

B. Desired Velocity Vector for Rotational Motion

When the operational force, such as the force rotating
around h, of the handle is given, it is assumed a
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rotational motion. This means that the signs of F,, and
Fry are opposite. Thus, rotational motion occurs under
the following two conditions:

Fix > 0,Fry < 007 Fiy < 0,Fgy >0, (13)

(14)
In this case, the desired angular velocity was
determined by the following equation:

_FLX+FRX
—_— 15
n (15)

where, a,. is a positive weighting coefficient relating the
angular velocity to the operational force. When F;, > 0
and Fy, < 0, the cart rotates counterclockwise. Therefore,
w becomes negative. Furthermore, when F, <0 and
Fry > 0, the cart rotates clockwise and w becomes
positive.

|FLx — Frel > Fiimic

w =0,

C. Desired Velocity Vector for Turning Motion

In addition to the two cases above, the cart performed a
turning motion. This occurred when F;, and Fy, had the
same sign and when there was a difference of more than
Fimit between these two forces. Firstly, how the position
of the virtual rotation center P from the operational force
was obtained will be explained. As shown in Fig. 4, a line
was drawn through the tip of F;, and Fy,. The point that
intersected this line and the y-axis of 2, and Xy, was set
to Q. Then, the length from h, to Q was set to Q,. For
which, @, was then calculated from the geometric
relationship shown in Fig. 4.

F F
1= % 1 (16)
Lx Rx

where, Q; is determined to be directly related to the
difference between the sizes of F,, and Fr,. Thereafter,
the virtual rotation radius was determined from the length
proportional to Q,. The position P and the angular
velocity w around P were obtained from the following
equation:

B, = k0 17)
X X
Vi
N
Y Y MY
nL/ jz
]
X L 1L X
g -1 || L
y. Y. r
LN Tt szg
/ v |
S 450 = '
o bl
P Zn/

Figure 5. Sketch showing the condition of virtual singular rotation
center.
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Fry + Fix
Tt (18)

where, k; and o, are the positive weighting coefficients.

w = sign(P)a;

D. Radius Conditions for Turning Motion

Considering that the virtual rotation center P and w
were calculated using (16) - (18), each wheel speed
vector V;,, was obtained by substituting the kinematic
formula described in Section 3.3. When the difference in
the size of Fj, and Fr, was large, the turning radius
became smaller and P moved closer to the cart during the
turning motion. Herein, the case of left turning motion
was considered. When the angle between the line
connecting P and );; and the y-axis of )}, reached 45<
Viw turned zero (Fig. 5). The wheel velocity V; consisted
only of V¢ of the free roller. Therefore, the driving force
generated by the wheel 1 was zero, while the cart moved
at the combined speed of the remaining three wheels. The
movement became unstable. Assuming P at this
condition was a virtual singular rotation centerPj;; =
(0, Py 1imit), the following relationship was then obtained
from the geometrical relationship.

Py (19)

For stable motion, P should not be less than Py jimi
during the turning motion.

limit=a+b+d.

E. Stabilization of the Cart Motion

The translational and rotational motions were selected
based on the difference between F;, and Fg, values as
seen in (10) and (14). If this difference continued
changing near Fjmi:, @ go back and forth movement
between these two motions will occur. In the case of the
turning motion, the sign of F;, and Fr, were opposite to
that of the translational motion, defining such a problem
in valid. Therefore, once the motion was selected, Fjimit
was changed so that another motion was not selected
immediately Fj;,;; was defined as, a time function that
changed with time upon motion selection, and not as a
constant. By changing the conditions in this way, a stable
transportation was realized by continuing the selected
motion. When the translational motion was selected, the
new condition Fy;n; ¢ Was once enlarged and converged
to its original Fy;;. after a certain time.

|
Figure 6. Image of developed power-assisted cart.
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Figure 7. Illustration of the fixed force sensors.

Fiimitt = BFimit — 9 (©)- (20)

where, Fiimit ¢ = Flimit - When the turning motion is
selected, Fim;t » Was reduced and converged to Fjip;, with
progress in time.

Fiimit r = BrFimit + g(£)- (21)

where, g(t) is an increasing function by elapsed time t
after selecting a motion, and B, >1 and B, <1 are
constant coefficients.

V. EXPERIMENTAL RESULTS OBTAINED USING THE
DEVELOPED CART

To confirm the efficacy of the proposed method, a
power-assisted cart (Fig. 6) was developed. The cart
length was 0.743 m, and its width was 0.415 m. The
handle had a height of 0.95 m. The diameter of the
mechanum wheel was 152.4 mm. Four 46 W DC motors
were used to drive each mechanum wheel. The other
parameters are shown in Table I. A load cell was used to
measure the behavior of the operational force for one
direction. Therefore, four load cells were required to
measure all the operational forces. As described in
Section 4, F;, and Fy, were related to every transport
motions, but F, and Fg, were only related to the
translational motion. Therefore, F, and Fg, were
measured by a single load cell (Fig. 7), and the measured
value of Fy was used for both F;, and Fy,. An open-loop
control and a proportional control method was applied to
control the motors. The sampling rate of the force sensor
was 10 Hz. The operational force was smoothen by the
moving average method using the obtained average
sensor value of ten replicates. An increasing function
g(t) was set to return to the original F,;. value after
five seconds. For safety reasons, the theoretical value of
Py jimit Originally was 1.152 m, but was later set to 1.3 m.
Each movement realized by the operational force was
confirmed by the following experiments.

TABLE I. PARAMETERS OF THE CART AND COEFFICIENTS
a 0.29 m ay 1.3
b 0.16 m a, 4.5
d 0.70 m o 3.0
M 0.12m ky 10.0
Flimit 3.00N B: 14
Oy 7.00 B, 0.7
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Figure 8. A plot of the relationship between operational force and load.

A. Determination of Upper Limit of Operational Force

Firstly, the amount of operational force required to
operate the power-assisted cart was determined. This was
performed using a conventional pushcart without power
assistance. The size was the same as that of the proposed
cart. The force required to move a pushcart was measured
by changing the load on the table. Fig 8 shows the
average value of the operational force measured multiple
times under different load conditions. A pushcart was
translated in the x-axis direction of ), at a constant
velocity. It was observed that the operational force
increased in proportion to the load. Operating the cart
with a constant operational force under any load was
considered a better option. It was thus made possible to
operate the cart with operational force of 12 N or less.
Herein, the cart reached its maximum speed at 1 m/s
when the operational force was 12 N regardless of the
load.

B. Transportation Experiment |

An experiment wherein the cart was translated forward
was also conducted. The measured operational forces for
this motion are shown in Fig. 9, and the profiles of the
corresponding wheel velocity V;,, in Fig. 10. Here, V;,,
values were not experimentally determined, but
calculated by kinematics. During translational motion, the
difference between F;, and Fr, was less than Fy. -
Furthermore, Fy superseded the dead zone momentarily,
but was reduced in the process of smoothing the
operational force. So, no lateral movement was recorded.
It was confirmed that the cart had a maximum speed
input when F, + Fg, exceeded 12 N in Fig. 10.

12

10

Operational force [N]
-~

time [sec]

Figure 9. Operational force profiles of Experiment I.
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Figure 10. Wheel velocity profiles for Experiment I.
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Figure 11. Operational force profiles of Experiment II.

C. Transportation Experiment Il

The operational force shown in Fig. 11 was then
applied. The velocity profiles are shown in Fig. 12. From
4 to 8 sec, translational motion was performed. Then the
cart was turned counterclockwise between 8 and 16 sec.
Subsequently, motion was implemented when the
difference between F;, and Fg, was greater than Fj.; .
The cart was observed to occur in rotational motion
between the 18" and 23" sec. The operational force
during transportation fluctuated considerably. However,
the cart’s speed was mildly affected because of the
smoothing of the operational force. From this
experimental results, it was confirmed that three motions

were selected by applying the appropriate operation force.

In addition, when the difference between F;, and Fgy
changed near Fy,; during translation, the cart chose the
turning motion for a moment (Fig. 13). The motion
number in this figure means stop at zero, translational
motion at one, and turning motion at four. Fig. 14 shows
the outcome of applying the operational force with the
method of section 4.5. The movement of the cart did not
change frequently using proposed method.

15
1

05
Viw
0 vaw
0 5 10 15 20 25 V3w

05 VAW

Velocity of wheel [m/s]

-1

-1.5
time [sec]

Figure 12. Wheel velocity profiles for Experiment I1.
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Figure 13. Motion selection without stabilization.

Flx FRx motion

Operational force [N], motion No.
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Figure 14. Motion selection with stabilization.

VI. CONCLUSION

In this study, a power-assisted cart with possible
control movement by applied operating force was
developed. The motion of the cart was classified into
three categories including translation, rotation, and
turning motion. The relationship between the three types
of motions and the corresponding operational force was
described, as well as the kinematics of the cart to achieve
each classified motion was calculated. An effort was
performed to stabilize the motion by adding the condition
for the motion selection. Finally, the efficacy of the
proposed method was confirmed.
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