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Abstract— This paper introduces an innovation of the
Spherical Omnidirectional Wheel, designed to achieve
omnidirectional driving motion. In previous models, the
supporting shaft was placed at the center of the mechanism.
However, achieving both smoothness and high load-capacity in
such designs proved challenging. The mechanism proposed in
this study features an offset design, enabling outer support for
the wheel. A prototype was developed and its basic motion was
experimentally validated.
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I. INTRODUCTION

Omnidirectional vehicles with steering axes have the
disadvantage that it takes time to change the direction of the
wheels and instantaneous changes of direction are impossible.
Conventional compound wheel mechanisms (e.g., [1]-[5])
enable instantaneous changes of direction, but have extremely
low ability to traverse bumps because the diameter of the small
wheels that passively rotate is small relative to the entire
mechanism(e.g., [12]-[14], [17]). Friction power transmission
also has the problem of limiting the driving force generated to
the running surface. The spherical omni-directional wheel,
also known as “Omni-Ball”, previously developed by the
authors, consists of two independent, facing hemispherical
passive wheels that share a rotating axis and an active axis that
rotates the entire hemispherical wheel. The most significant
feature of this spherical omni-directional wheel is that the
diameter of the hemispherical passive rotating wheel is
equivalent to the size of the entire mechanism, thus providing
significantly higher step traversing performance than
conventional wheels with passive rotating rollers[4].
Moreover, the direct rotation of the drive shaft eliminates the
problem of insufficient driving force of the above-mentioned
friction type. The “Omni-Ball” has significantly higher step
traversing ability than conventional omni-directional
wheels[6][16]. From the view point of larger wheel, we have
proposed and made embodiment[17]. However, the sphere
must be divided in order to pass the active axis of rotation
through the center, resulting in a loss of smoothness because
the cross section is not perfectly circular.

In addition, if the diameter of the active axis of rotation is
increased to improve load carrying capacity, it is necessary to
increase the width of the division. As described above, there is
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a trade-off between smoothness during running (i.e., the
degree of perfect circularity of the cross section) and load
carrying capacity, and it has been impossible to achieve both.

In view of the above problem, we proposed a new omni-
directional spherical wheel mechanism that can achieve both
smoothness during running and load carrying capacity. In this
report, we report on the design and prototyping of the proposed
mechanism, and experimentally confirm the effectiveness of
the proposed mechanism.
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Fig. 1: Omni-Ball: Spherical Wheel(Kenjiro TADAKUMA et
al. [15])
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Table 1: Specification of the Wheel
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Fig. 4 : Detail Design of the First Prototype Model

Fig. 5 : Each Mechanical Parts of the First Prototype Model

Soherical Wheel Diameter 80mm|
Diameter of Shaft D 25mm|
|Material of the Shaft SUS303
W — Diameter of Barrel Wheel 30.3mm
Length of Barrel Whesl 42.18mm)|
|Weight (One Unit) 1.12kg
Fig. 7 : Three Sides View of the First Prototype Model

II.  OFFSET SPHERICAL OMNI-DIRECTIONAL WHEEL MECHANISM WITH
EXTERNAL SUPPORT SHAFT

A. Basic Configuration

Figure 2.1 shows the basic configuration of the spherical
omni-directional wheel proposed in this study, which can
achieve both smooth running and high load carrying capacity.
The main feature of this mechanism is that the spherical omni-
directional wheel is externally supported by a U-shaped
support. The principle of this wheel mechanism is as follows:

(1) Offset placement of the singularity avoidance passive
wheel: The singularity avoidance roller attached to the "Omni-
Ball" is offset from the center of rotation of the spherical
rotating passive wheel to a U-shaped external support;

(2) By placing the singularity avoidance roller, which is
attached to the "Omni-Ball" at a position offset from the center
of rotation of the spherical rotating passive ring, an access
space can be provided to the spherical inner support;

(3) The U-shaped support of the spherical passive wheel
from the outside can support the spherical rotating passive
wheel without dividing it in the center.
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(4) Diagonal arrangement of axles

Furthermore, the axles are tilted from the horizontal line.
Placing them at an angle increases the distance between the
active rotating axle and the running surface (ground or floor).
This has the advantage of making it easier to avoid getting
stuck when traveling over bumps and ditches.

Hence, the active rotating axis at the base can be larger in
diameter than the diameter of the spherical passive rotating
wheel, depending on the design, to achieve extremely high
load carrying capacity.

B. Specific Design

In the cross-section of the singularity-avoiding roller, if the
curve and curvature are the same as the diameter of the entire
sphere, as is conventionally the case, misalignment will occur
at the edge, necessitating a unique curve and curvature (Figure
5).

Figure 7 shows the specific design and Figure 8 shows the
appearance of the actual prototype. Experiments using a dolly
equipped with a wheel mechanism confirmed that the smooth
circular cross section allows the machine to run. Depending on
the design, the external support can be made as large as
possible to provide high load capacity. The external support
itself can also be made into a passive roller. This allows
excessive external forces to be released even if the support
contacts an obstacle when the wheel moves in the right
direction as shown in Figure 7.

In the case of the V-shaped groove with a diagonal tilt,
when the environmental model moves from the larger V-
shaped groove to the smaller V-shaped groove, a brake similar
to a bogen in skiing is thought to apply, in addition to reduction
of foreign objects such as dust[7]. The same phenomenon has
been reported for the radial configuration type of the early
version of “Omni-Disc” developed by Hirose et al.

In the present study, when supporting the spherical omni-
directional wheel from the outside, which our research team
has been working on for some time, the singularity avoidance
roller is offset to provide space for its outer support. the U-
shaped wheel support method can also be found in
conventional casters and [11], but it has not been used in the
conventional The most significant feature of this structure is
that the space for mounting the support can be secured while
maintaining the circular cross section by offsetting the
singularity-avoiding roller, which has existed in the center [6],
and by changing the curvature of the singularity-avoiding
roller from that of the sphere's cross section.

Even though it is more of a design problem, the offset
addition method devised in this research is very important for
the concrete formulation of the principle in an actual machine.
The relative diameter of the circular cross section is reduced
by the inclination of the active axis of rotation, and the ability
to traverse steps and ditches, to which the diameter size
contributes, is reduced. This structure can satisfy these two
contradictory elements at the same time.

III. PROTOTYPING

A. Comparison of Running Smoothness

A comparison was made between the smoothness of
running of the conventional type and the externally supported
type. The comparison was made by calculating the change in
height of the center of the sphere from the ground point when
the active rotation axis of the spherical wheel rotates 180°. The
rotation angle of the spherical wheel was set as shown in the
upper part of Figure 6. By setting 6 =0 to 180° and 6 = 180 to
360° as shown in the figure, the radius of the circular cross
section perpendicular to the active rotation axis becomes
smaller than that of the conventional machine because the
active rotation axis of the externally supported type is placed
at an angle. Therefore, the height is non-dimensional by
dividing the height by the radius of the spherical wheel. The
relationship between the rotation angle of the active rotating
axis and the degree of height change is shown in the lower part
of Figure 6. In the conventional type, the height change occurs
at the singularity-avoiding roller attachment point (around 6 =
9.2 and 6 = 170.8) and at the groove between the two
hemispherical wheels (around 6 = 90). In contrast, the
externally supported type does not divide the sphere, so the
height change occurs only at the singularity-avoiding roller
attachment point (around 0 = 32.1 and 6 = 147.9). The groove
that caused a large height change in the conventional machine
was eliminated, and the maximum height change was
calculated to be 0.034[%] of the wheel radius.
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Fig.8: Comparison of the Smoothness of Locomotion
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The maximum height change of the externally-supported
type is approximately 93.2% less than that of the conventional
type. In the case of the prototype spherical wheel with a radius
of 80 mm, the maximum vertical movement of the externally
supported type when traveling on a flat surface was less than
0.013 mm. From this result, it can be said that the smoothness
of the externally supported type is improved compared to the
conventional type.

B. Comparison of load bearing capacity
B-1 [Simulation]

The load capacity of the conventional type and the externally
supported type was calculated based on the minimum safety
factor of each type. The minimum safety factor of the
conventional type was 0.238307 when the ball wheel was
grounded and 0.211751 when the barrel roller was grounded.
The smaller of these values was used to calculate the load
capacity. In contrast, the minimum safety factor of the
externally supported type was 2.39347 when the ball wheels
were grounded and 2.48096 when the barrel rollers were
grounded. Using the smaller of these values to calculate the
load capacity, it was confirmed that the externally supported
type has a load capacity approximately 11.3 times that of the
conventional type.
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Fig. 9 : Load Bearing Simulation for Ring Part
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Fig. 13 : Result of the Load Bearing Simulation for Ring Wheel
Part

3592



B-2 [Test apparatus on actual equipment]

Load capacity tests were conducted on spherical wheels made
of metal and rubber by applying a vertical load using a
universal testing machine. Vertical loads were applied to the
spherical wheels using an INSTRON 3342 single-column
universal testing machine. Loads of 100, 200, 300, 400, and
500 N were applied in steps in the direction that the spherical
wheel of the spherical wheel was grounded, and loads of 300,
400, and 500 N were applied in steps in the direction that the
barrel roller was grounded. Finally, a load of 500 N was
applied only once, changing the ground plane of the barrel

roller. All of these tests were performed on one ball wheel only.

The test was set to terminate when the vertical displacement
reached 2.5 mm or when the load reached the set value. The
testing machine was set to apply a vertical load at 5 mm/min.
Load and displacement data were recorded every 10 ms.
Figure 4.5 shows the experimental situation. The spherical
wheel was pressed against the stage and deformed by applying
a load from directly above.

All graphs show a nearly linear relationship between
displacement and load. Some of the graphs show a step-like
shape before the linear relationship is formed. This is thought
to be the result of the gap-filling movement during the
assembly of the parts or the thrust misalignment of the
bearings. After this movement ceases to occur, the parts begin
to deform, and the relationship is considered to be a linear one.
In the graphs where this shape is not observed, it is assumed
that the sphere contacts the stage before the start of the test and
the motion between the parts has already ceased to occur.

The results are compared for the case where the load was
applied to the barrel roller in stages, with a maximum load of
500 N applied at the end, and with a maximum load of 500 N
applied only once. The displacements in the linear portions of
the graphs are both approximately 2 cm. This indicates that the
deformation of the part was the same when the load was
applied in stages and when the load was applied only once. In
other words, the deformation caused by the applied load was
within the elastic deformation of the spherical wheel
components.

In addition, we observed the change in the spherical wheel
when the load was removed by lifting the spherical wheel after
the load was applied. Figure 4.15 shows the change that
occurred. In this case, the shape change was observed to
recover in the external support in the video image. This is
because the external support was particularly deformed in the
simulation results of the strength analysis described in section
4.2, and the simulation results were confirmed in the actual
machine. However, the changes were hardly visible to the
naked eye, and no defects appeared on the wheel after the
experiment, suggesting that the deformation was only slight.
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Fig. 14 : Load Bearing Simulation for Barrel Wheel Part

Fig. 15 : Load Bearing Experiment for Barrel Wheel Part
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Tablel: Specification of the First Prototype Model

Whole Height 356mm

Distance of Ground Points

of Each Wheel 415mm

Whole Weight 22.15kgf

Battery 21.6V

Motor Power 150W
&i.eg P:a(r)tverview of the Load Bearing Experiment for Barrel Sl ol b STEmE 26mm

IV. BASIC EXPERIMENTS

It can be seen that the externally supported spherical wheel
has lower stress and smaller deformation than the conventional
type on the active rotating axis. This indicates that the external
support structure allows the diameter of the active rotating
shaft to be enlarged, increasing its load-bearing capability.

Figure 12 shows a four-wheel model composed of an offset
spherical omni-directional wheel with a prototype externally
supported shaft. Figures 13 and 14 show various running tests.

02.40 [see]
3,51 [sec]

Fig. 20 : Basic Step Climbing of the First Prototype Model

00,00 [see]

Fig. 18 : Overview of the Prototype Omnidirectional Vehicle
with proposed mechanim p—— )

(b-2) Side view 2

(b-1) Side view 1

Fig. 19: Overview of the Load Bearing Experiment for Barrel

(01,36 [secl |

Fig. 21 : Basic Gap Traversing of the First Prototype Model
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Fig. 22 : Basic Gap Traversing of the First Prototype Model

(from one wheel)

Four boards were placed on the path and tested on
randomly uneven ground. The maximum thickness of the
boards used was 20 mm. Figure 4.29 shows a scene from this
running experiment. It was confirmed that the prototype omni-
directional mobile vehicle could move without getting stuck
even on this road surface.

In this experiment, it was confirmed that it was possible to
trample steps up to 20 mm high and ditches up to 70 mm wide.
In the experiment, it was confirmed that the robot was able to
traverse steps and ditches with relative ease. However, when
only one wheel contacted a step first, the time required to
overcome the step was similar to the time required for two
wheels to enter the step, and the time required to overcome the
step was also irregular. The reason for the difficulty of
stepping over a step with only one wheel is that the active axis
of rotation is tilted from horizontal to flat, so that when one
wheel collides with a step, a force is exerted in the direction
that pushes the wheel to the ground. In addition, the round bar
that constitutes the suspension is also considered to tilt slightly
from the vertical to the step side to push the wheels against the
ground.

Finally, four boards were placed on the path and tested on
randomly uneven ground. The maximum thickness of the
boards used was 20 mm. The figure below shows a scene from
this running experiment. It was confirmed that the prototype
omni-directional mobile vehicle was able to move without
getting stuck even on this road surface.
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Fig. 23 : Basic Omnidirectional motion of the First Prototype
Model

V. CONCLUSION

The actual prototype was designed and fabricated based on
the structure developed in this study. It was confirmed that the
prototype externally supported spherical wheels can make
smooth contact with the running surface. The smoothness of
running and load carrying capacity were evaluated by
calculating the change in wheel height, and the load carrying
capacity was evaluated by static analysis simulation in
comparison with the conventional type. The proposed
externally supported type was confirmed to have superior
performance in both smoothness and load carrying capacity
compared to the conventional type. Furthermore, a vehicle
equipped with the prototype wheel was constructed, and it was
confirmed that the vehicle could move in all directions in an
environment with steps and ditches of about 20 mm.

As a future prospect, the strength analysis confirmed that
the externally supported type has parts that have a lower
safety factor than the active rotary axis and are more prone to
breakage. The design of these parts will be reexamined, and
the optimum shape of the grocer on the surface of the
spherical wheel will be studied to improve the performance of
overcoming steps and grooves.
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