AT American Society of
C Mechanical Engineers

SETTING THE STANDARD

ASME Accepted Manuscript Repository

Institutional Repository Cover Sheet

First Last

Kinetic Analysis of Active Omni Wheel With Barrel-Shaped Rollers for Avoiding Slippage and
ASME Paper Title: Vibration

Authors: Siying Long, Tatsuro Terakawa, Mahiro Yogou, Rintaro Koyano, Masaharu Komori

ASME Journal Title: Journal of Mechanisms and Robotics

Volume/Issue Volume 16, Issue 5 Date of Publication (VOR* Online) June 9, 2023

ASME Digital Collection URL: https://asmedigitalcollection.asme.org/mechanismsrobotics/article-abstract/16/5/051002/1163547/

DOI: https://doi.org/10.1115/1.4062608

*VOR (version of record)



Journal of Mechanisms and Robotics

Kinetic analysis of active omni wheel with
barrel-shaped rollers for avoiding slippage
and vibration

Siying Long

Department of Mechanical Engineering and Science, Kyoto University
Kyoto daigaku-katsura, Nishikyo-ku, Kyoto, 615-8540, Japan

E-mail: long.siying.097 @kyoto-u.jp

Tatsuro Terakawa?

Department of Mechanical Engineering and Science, Kyoto University
Kyoto daigaku-katsura, Nishikyo-ku, Kyoto, 615-8540, Japan

E-mail: terakawa@me.kyoto-u.ac.jp

Mahiro Yogou

Department of Mechanical Engineering and Science, Kyoto University
Kyoto daigaku-katsura, Nishikyo-ku, Kyoto, 615-8540, Japan

E-mail: mahiro.g.rx0@gmail.com

Rintaro Koyano

Department of Mechanical Engineering and Science, Kyoto University
Kyoto daigaku-katsura, Nishikyo-ku, Kyoto, 615-8540, Japan

E-mail: koyano.rintaro.38s@gmail.com

Masaharu Komori

Department of Mechanical Engineering and Science, Kyoto University
Kyoto daigaku-katsura, Nishikyo-ku, Kyoto, 615-8540, Japan

E-mail: komorim@me.kyoto-u.ac.jp

ABSTRACT

Omnidirectional mobility is required for the efficient movement of transport vehicles in factories and
warehouses. To meet this requirement, the active omni wheel with barrel-shaped rollers (AOWBR) was
previously proposed. The barrel-shaped rollers are arranged around the outer circumference of the main
wheel of the AOWBR. This structure is expected to be effective in suppressing vibration during vehicle
movement. The transmission roller drives the outer roller via a friction drive, which actively moves the
AOWSBR in the lateral direction. However, the friction drive may cause slippage between the transmission
roller and the outer roller. To solve this problem, this study investigates the effects of the design
parameters for an AOWBR on vibration and wheel slippage. The kinetic models of the wheel main body,
transmission roller, and outer roller are established. Then, simulations are carried out using the kinetic
models for various structural parameter values. The simulation results show that a softer rubber block
installed in the support mechanism of the outer roller contributes to reduce wheel slippage but cause
larger vibration, and that a larger setting angle between the transmission and outer rollers contributes to

! Corresponding author.
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reduce slippage and vibration. Finally, comparison experiments are conducted on two types of prototype
to verify the simulation results.

Keywords: Omnidirectional mobility, Active omni wheel, Mechanism design, Kinetics, Slippage, Vibration

1. INTRODUCTION
Transport vehicles are widely used to deliver materials in warehouses and factories.

To improve their maneuverability and usability, various omnidirectional wheel
mechanisms that allow immediate movement in an arbitrary direction have been
proposed [1-4]. The omni wheel has several free rollers arranged around its outer
circumference [5-10]. These rollers can rotate passively, which enables the lateral
movement of the omni wheel. The Mecanum wheel has several passive rollers arranged
across its periphery at a specific angle [11-16]. A vehicle equipped with Mecanum
wheels can realize omnidirectional mobility similar to that realized with omni wheels.
The spherical wheel is driven by rollers and can move in an arbitrary direction [17-22].
The above mechanisms have some limitations. It is difficult to precisely control the
movement of the omni wheel and the Mecanum wheel because of the rotational
resistance of the free rollers. Additionally, more than two wheels are necessary for
movement in an arbitrary direction. Although a vehicle equipped with a single spherical
wheel can move in any direction, the volume of the spherical wheel is large and self-
balancing control must be developed.

To overcome these limitations, the authors previously proposed the active omni
wheel (AOW) [23-25]. The AOW has a disk-shaped main wheel, and multiple outer
rollers are attached around the outer circumference of this wheel. The rotations of two

motors are successively transmitted to the main wheel and outer rollers through the
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differential gear mechanism. Therefore, the AOW can be made to move in an arbitrary
direction by controlling the rotational velocities of the motors. However, the AOW
provides poor ride comfort because of the vertical vibration during movement caused by
the gaps between the outer rollers.

To solve this problem, an active omni wheel with barrel-shaped rollers (AOWBR),
shown in Fig. 1, was proposed [26, 27]. The barrel-shaped rollers are arranged
alternately around the outer circumference of the main wheel. This roller structure
eliminates the gaps between the outer rollers and thus effectively reduces the vertical
vibration. When input shaft 1 is rotated at the same velocity as that of input shaft 2, the
main wheel rotates around the wheel axle. As a result, the AOWR moves in the wheel
plane direction. When the rotational velocities of input shafts 1 and 2 are equal but
opposite, the rotation of the input shafts is transmitted to the transmission rollers. Then,
the outer rollers are driven through friction. As a result, the AOWR moves in the
direction vertical to the wheel plane. When the rotational velocities of input shafts 1 and
2 are different, the two motions described above occur simultaneously. As a result, the
AOWR moves in a diagonal direction. The friction drive between a transmission roller
and an outer roller simplifies the drive system and reduces the number of parts that

comprise the wheel mechanism.
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Fig. 1 Structure of AOWBR with six outer rollers [26].

In the previous study [26], the kinematics of the AOWBR was analyzed and its
fundamental effectiveness was confirmed through experiments. However, several issues
emerged from the result. There is a concern regarding slippage between the
transmission and outer rollers, which leads to a loss of the traveling performance of the
vehicle equipped with the AOWBR. Another common problem for omnidirectional
wheel mechanism is the vibration during traveling [28, 29]. The vibration suppression
effect of the AOWBR was demonstrated for a single design, but its theoretical
substantiation nor effectiveness in a general context have not been demonstrated. To
solve the above problem, this study investigates the relationship between the dynamic
behavior (e.g., slippage and vibration) and the structural parameters of the AOWBR.
Then, the appropriate conditions for a practical design are identified. First, kinetic
models of the wheel main body, outer roller, and transmission roller are constructed
based on the Newton-Euler equation. Simulations are then conducted using the kinetic

models. The variation of the dynamic characteristics of the AOWBR is analyzed and
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discussed based on the simulation results. Finally, experiments are conducted on two
types of prototype vehicle to verify the simulation results.
2. KINETIC MODEL FOR ACTIVE OMNI WHEEL WITH BARREL-SHAPED ROLLERS

The kinetic model for the AOWBR is established in this section. To clarify the
dynamic behavior of the AOWBR when the ground contact point changes, this study
investigates forward motion. Considering the structural symmetry of the mechanism,
we focus on the period during which one of the outer rollers contacts the ground. It is
assumed that there is no slip between the ground and the wheel.

As explained in the previous section, the AOWBR is composed of the wheel main
body, transmission rollers, and outer rollers. Each outer roller is supported by a holding
mechanism at each end. The holding mechanisms are fixed to the wheel main body. As
shown in Fig. 2, a rubber block is placed between the outer roller axle and a holding
mechanism so that an outer roller can keep in contact with its corresponding
transmission roller while it is in contact with the ground. The transmission rollers are
rotationally supported by the wheel main body. The kinetic model for the AOWBR is
separated into those of the wheel main body, transmission roller, and outer roller, as

described in the following sections.
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\ Transmission roller

Holding mechanism
Rubber block
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Outer roller axle

Wheel main body
Fig. 2 Holding mechanism of outer roller.

To construct the kinetic model for the AOWBR, three right-hand orthogonal
coordinate systems are established, as shown in Fig. 3. The coordinate systems X4, 252,
and X3 are set with their origins at the center point of the wheel main body G, the
center point of the transmission roller G,, and the center point of the outer roller G5,
respectively. All X; axes of the coordinate systems are normal to the paper surface. The
Y;-axis is parallel to the ground, the Y,-axis is parallel to the roller axle of the

transmission roller, and the Y;-axis is parallel to the roller axle of the outer roller.

~__—Holding mechanism |

7 / Transmission roller 7,
; ok
GII—E : '

T Outer roller

Gy 12,
D)
Y,
Gs v/
Y3 e \Mainwheel

Fig. 3 Coordinate systems used for modeling.
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2.1 Kinetic model for wheel main body

The force from the transmission roller and the outer roller to the wheel main body is
shown in Fig. 4. The forces from the transmission roller at each end along the positive
X3, Yo-, and Zy-axes are Fyuy, Fopx, Faays Faby, F2az, @and Fyp,, respectively. Similarly,
the forces from the outer roller at each end along the positive X5-, Y3-, and Z3-axes are
F3ax) Fsbxs Fzays Faby, F3qz, and Fsp,,, respectively. Therefore, the kinetic model for the

wheel main body is written as:

(M1X1 = Faqx + Fapx + F3ax + F3px

myyy = (Faqz + Fopy + F3qz + F3pz) sin 6 + (FZay + Fopy + F30y + F3by) cos 6y — N
myZ; = (Faqz + Fapy + F3qz + F3pz) cOs 0 — (FZay + Fopy + F3qy + F3by)Sin91 —myg
16, =ty + (Fap; — Fauz)Ly + (Fspy — Faaz)Ls + (FZay + FZby)lz

+(R0 — Tnax — ZS)(F3ay + F3by)
\l, = Ry — (1 + siny) 1,4 — gSiny

» (1)

where m; is the mass of the wheel main body, N is the normal force from the wheel to
the ground, G, is the resistance coefficient, g is the gravitational acceleration, [, is the
distance from the center point of the wheel main body to that of the transmission roller,
L, is the distance from the center point of the transmission roller to its support point, L5
is the distance from the center point of the outer roller to the holding mechanism, I is
the inertia moment of the wheel main body around the X;-axis, 8 is the rotation angle
of the wheel main body around the X;-axis, 7, is the driving torque carried on the wheel
main body, R, is the radius of the main wheel without consideration of the deformation

of the outer roller, 77,4, is the maximum radius of the cross section of the outer roller,
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T4 is the radius of the transmission roller, and z; is the deformation of the outer roller

along the Z;-axis.

Gy
L vl Gz
:anx(szx)
Ta
/ _’F3ax (F3bx)
Tmax Gs
Section A-A

Fig. 4 Force model for wheel main body.
2.2 Kinetic model for transmission roller
The force applied on the transmission roller is shown in Fig. 5. The transmission
roller cannot revolve around the X,- and Z,- axes because it is fixed to the wheel main
body. Therefore, with consideration of the external force and the apparent force, the

Newton-Euler motion equations for the transmission roller are written as:

(mzjc'z = —Ngcosy — Fyax — Fopy
! myy, = (Mg + myZ;) sin 0, — m,y,cos; + myl,0; — Fray — Fopy

mzz'z = _(ng + mz.z.l) COS 91 — mzj}lsinel — mzlzéf + Nd Sin]/ — FZaz - FZbZ' (2)
LyFy4; — LyFop, =0
LyFopxy — LaFyax =0

where m, is the mass of the transmission roller, N; is the pressing force from the outer
roller to the transmission roller, and y is the setting angle between the transmission
roller and the outer roller.
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Fig. 5 Force model for transmission roller.
2.3 Kinetic model for outer roller
The force model corresponding to the outer roller is shown in Fig. 6. Similar to the

kinetic model for the transmission roller, that for the outer roller is written as:

(M3X3 = Ny COSY — F3q5 — F3py

msy; = (mzg + myZ;) sin(0; — 63) — m3y, cos(6; — 63) -

< +m3[(Ro — Tmax — 23)0; — 2236, + f cos(6; — 63) — N sin(6; — 65) — F3ay — F3py
msZ3 = —(m3g + msZ;) cos(8; — 03) — mzy, sin(6; — 63) -

—m3(Ry — Timax — 23)0F — Ngsiny + £ sin(6; — 63) + N cos(01—603) — Fzq, — Fa,
U3653 = L3F3q; — L3F3p; + [(Ro — Tinax — Z3)(sinf; — sin(6; — 63)) — z3sind; [N

7

(3)
where m5 is the mass of the outer roller, I5 is the inertia moment of the outer roller
around the X3-axis, 65 is the rotation angle of the outer roller around the X;-axis, and f

is the driving force.
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Transmission roller

Outer roller

F3ay

Fig. 6 Force model for outer roller.

The displacement of the outer roller along the Z;-axis direction z; causes a vertical
displacement of the wheel main body by z; cos 8;. Additionally, the rotation of the
outer roller around the X;-axis makes an eccentric circular motion of the circumference
of the wheel main body as shown in Fig. 7. Therefore, the relationship between z; and
Z3 is written as:

zy = 253080, + (Ry — Thnax — 23){cos(6; — 03) — cos 6, }. (4)

G State of outer roller with displacement along Z;-axis
1

State of outer roller with displacement
along Z;-axis and rotation around X;-axis

Original state of
outer roller

211\ Z3c0s6;

T
Ro — Tinax — Z3)[c0s(01—63) — cos 6;]

(

Fig. 7 Deformation of main wheel considering eccentric circular motion of outer roller.

ASME JMR-23-1080, Terakawa 10



Journal of Mechanisms and Robotics

2.4 Elastic force acting on outer roller

The pressing between the transmission roller and the outer roller occurs via rubber
blocks. The rubber block between the outer roller axle and the holding mechanism
shown in Fig. 2 is deformed when the outer roller is in contact with the ground. This
generates elastic forces, which are modeled in this section. Considering the elasticity of
the roller surfaces and rubber blocks, it is assumed that the transmission roller, outer
roller, and holding mechanism constitute an elastic system, as shown in Fig. 8.

Given that the modulus of elasticity between the transmission roller and outer roller
k, is constant since the deformation between them is considered to be limited, the

pressing force is written as:
N; = kqz3siny. (5)

Transmission roller .
Wheel main body

Holding mechanism
Outer roller N
\ ky 2‘7

% ’i"
Py
k 1 ,’:K"‘

v ; e

Fig. 8 Elastic system constructed by transmission roller, holding mechanisms, and outer
roller.
According to studies on the deformation of rubber [30, 31], the stress F generated

by the rubber block can be calculated as:
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1+a/am
1-a/am

F(a) =K, (“Tm In - ai) +b, (6)
where «a is the elongation rate, K; is a parameter that depends on the dicumyl peroxide
content in the rubber, a,, is the maximum elongation rate for the rubber, and b is a
correction term. Here, ,, also represents the hardness of the rubber, i.e., a larger a,,
indicates a softer rubber.

In the AOWBR, the reaction force from the outer roller axle causes deformations of

the rubber block installed in the holding mechanism. The elongation rate for the rubber

blocks is calculated as:

|Z3—L3Sin93|

! (7)

|Z3+L3Sin63 |’
l

a =1+

a. =1+
where a; and a, are the elongation rates for the rubber block in the holding mechanism
at the left and right sides, respectively, and [ is the original length of the rubber block as
shown in Fig. 2. Therefore, the stress generated by the rubber block can be calculated
using Egs. (6) and (7). The reaction force of the holding mechanism at the left and right
sides, F3,, and F3,,, respectively, is written as:

{F3az = AF(a;) (8)

F3p, = AF (ay)’
where A is the cross-sectional area of the rubber block.
3. MOTION SIMULATION

Based on the kinetic model constructed in the previous section, the dynamic
characteristics of the AOWBR are analyzed through simulations. This study investigates

the slip between rollers and vibration when the design parameters are varied. The
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standard parameter values applied in the simulations are shown in Table 1. The mass
and inertia moment are calculated under the assumption that the material of the wheel
is S45C and the outer circumference of the outer roller is nylon. It is also assumed that
the wheel is stationary in the initial state and that the driving torque 7, is constant. The
rotation of the wheel main body is analyzed from 6, = —m/n to 8, = m/n with
consideration of structural symmetry, where n is the number of outer rollers. The outer
rollers are evenly distributed around the circumference of the main wheel. L3 is thus
determined using the equation L; = R, sin(r/n). The time interval in the simulation is
set to 0.0001 s. The simulations are conducted in MATLAB R2020b running on a
computer with an Intel Core i5-7500 CPU and 16 GB of RAM. The Runge-Kutta method
was applied to solve the kinetic equations through the standard MATLAB toolbox. The
velocity and acceleration in each direction are set to zero to obtain the initial solution.
The slippage and vertical vibration of the AOWBR are the main focus in this study.
They are closely related to the pressing force between the transmission and outer
rollers N; and the vertical displacement of the wheel main body z;. Therefore, they are
analyzed when the following design parameters are varied: the hardness of the rubber
block a,,, the setting angle of the outer roller y, the maximum radius of the outer roller

Tmax, @nd the total number of outer rollers n.
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Table 1 Standard parameter values used in simulation (parameters on left side were

fixed and parameters on right side were varied)

Parameter Value Parameter Value
m, 0.12 kg my 30.0 kg
R, 150 mm I 0.347 kg m?
Ty 20 mm ms 3.3kg

; 25 mm I, 4.43x120‘2 kg
m
Ty INm y 22°
Crr 0.04 Tmax 40 mm
ky 297.39 N/mm n 6
K; 2.1 A 1.06
b -1.8366 N/m?
A 60 mm?
9.8 m/s?

3.1 Simulation results for various values of hardness of rubber block

The variation of pressing force N; and vertical displacement z; with maximum
elongation rate a,, is shown in Fig. 9. Focusing on individual results, both N; and z;
oscillate as they change. This might be due to the elastic oscillation of the outer roller
raised by the rubber block in the holding mechanism. Both curves have a roughly
upward convex shape. The pressing force and displacement at around 8; = 0, where
the center of the outer roller contacts the ground, are larger than those at around 6; =
+ /6, where the end of the outer roller contacts the ground. The reason for this is
considered to be as follows. The angle between the Zs-axis and the direction of the

reaction force from the ground becomes small because the ground contact point gets
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close to the central plane of the outer roller. When the direction of the reaction force
consists with the Z;-axis, the maximum displacement of the outer roller is produced.
The displacement decreases as the contact point leaves the central plane. This
determines the behavior of z;. The pressing force N; shows a similar variation tendency
because it depends on the displacement of the outer roller.

When the maximum elongation rate a,, is changed from 1.02 to 1.1, the pressing
force N; becomes larger along with the increment of a,, as shown in Fig. 9(a). This is
because a softer rubber block in the holding mechanism increases the elastic
deformation, and thus the displacement of outer roller becomes larger. For the same
reason, the oscillation becomes stronger when «,,, increases.

As shown in Fig. 9(b), the vertical displacement z; shows a tendency similar to that
for the pressing force N; shown in Fig. 9(a). Here, z; is defined as the difference
between the maximum and minimum displacement of z;. The results show that both z;
and z; increase when the maximum elongation rate a,, increases. The oscillation of z;
also becomes stronger when a,, increases. This may occur for the same reasons as
those for the pressing force N; mentioned above. The magnitudes of the oscillation and
z; are considered to reflect the amplitude of the vertical vibrations at different
frequencies during travel along one outer roller section, and the magnitude of z; may be
related to the vibration caused by the switching of the outer rollers. It is expected that a
smaller a;,,, will lead to smaller vibration of the AOWBR.

In summary, when a,, is larger, both the pressing force N; and vertical displacement

z, become larger. This means that a softer rubber block in the holding mechanism
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makes slippage between the transmission roller and the outer roller less likely to occur,
but increases vibration. This tradeoff must be taken into account in the design of the

AOWABR.
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Fig. 9 Variation of (a) pressing force N; and (b) vertical displacement z; with maximum
elongation rate of rubber block a,,.

3.2 Simulation results for various values of setting angle of outer roller

Next, the variation of the pressing force N; and vertical displacement z; with the
setting angle between the transmission roller and the outer roller y is discussed. Here,
the setting angle is set to 22°, 45°, 68°, or 90°. Note thaty = 90° would cause
interference between the outer rollers on the left and right sides in practice, but is
allowed here for comparison. The other parameter values were those shown in Table 1.
As shown in Fig. 10(a), the pressing force N is smallest for y = 22°. For setting angles of
45°, 68°, and 90°, the pressing force is similar, with that for y = 68° being slightly larger
than the other two as shown in the enlarged view. This means that the pressing force

N, does not increase with the setting angle y. In contrast, the vertical displacement z;
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decreases with the setting angley, as shown in Fig. 10(b). The maximum-minimum
difference z; and the oscillation strength only slightly change. The interaction between
the pressing force N; and the normal force from the ground becomes dominant in the
force balance of the outer roller when the setting angle y is increased. Therefore, the
elastic forces of the holding mechanisms become relatively small, which leads to smaller
displacements z; and z3. The smaller displacement z; decreases the pressing force N.
The contact between the transmission roller and the outer roller is assumed to be a
spring, as shown in Fig. 8. The displacement direction of z; gradually becomes
consistent with that of the equivalent spring when the setting angle y is close to 90°,
which increases the pressing force N;. Therefore, the pressing force Ny is considered to
vary as shown in Fig. 10(a) because of the interaction between the above two factors.

In summary, a larger setting angle y leads to a larger pressing force N; and a smaller
vertical displacement z;. This means that a larger setting angle y contributes to avoiding
the slippage between the transmission roller and the outer roller and reducing vibration
during movement. However, interference between the outer rollers may occur when
the setting angle y is larger than a certain value. Therefore, the setting angle y should be
set properly in the design with consideration of the interference between the outer

rollers.
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Fig. 10 Variation of (a) pressing force N; and (b) vertical displacement z; with setting
angle of outer roller y.

3.3 Simulation results for various values of radius of outer roller

Next, the variation of pressing force N; and vertical displacement z; with the
maximum radius of the cross section of the outer roller 7;,,, is discussed. The simulation
was conducted with 1,4, = 30, 35, 40, 45, and 50 mm. The inertia parameters (e.g.,
ms and I3) were recalculated from the values in Table 1 based on the assumption that
the density of the outer roller is unchanged. The other parameter values were the same
as those in Table 1. The simulation results are shown in Fig. 11. Both the pressing force
N, and vertical displacement z; are almost the same even when 73, is varied. We
speculate that the pressing force N; and vertical displacement z; are mainly affected by
the elasticity of the holding mechanism and the transmission and outer rollers.
Therefore, the variation of the radius and inertia of the outer roller hardly affects wheel
slippage and vibration. Namely, the AOWBR has high design freedom in terms of 75,4

for avoiding wheel slippage and vibration.
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Fig. 11 Variation of (a) pressing force N; and (b) vertical displacement z; with maximum
radius of outer roller 73, 4-

3.4 Simulation results for various numbers of outer rollers

Next, the variation of the pressing force N; and vertical displacement z; with the
total number of outer rollers n is discussed. The simulation was conducted withn = 6, 8,
10, and 12. The inertia parameters (e.g., mz and I3) were calculated based on the
assumption that the density of the outer roller is the same. The other parameter values
were the same as those in Table 1. The variations of the pressing force N; and vertical
displacement z; are shown in Fig. 12. Both the pressing force N; and vertical
displacement z; increased slightly with the total number of outer rollers n. This shows
that the total number of outer rollers n does not significantly affect the pressing force
N, and vertical displacement z;. The elastic force of the holding mechanism is mainly
affected by the elongation rate of the rubber block, which is determined by z3, L3, and
05 according to Eq. (7). Although the parameter L; decreases with the total number of

outer rollers n, the elastic force of the holding mechanism only slightly changes because
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05 is relatively small. Therefore, the variation of these parameters only slightly affects
the torque and force in the dynamic behavior of the AOWBR. The pressing force N; and
vertical displacement z; are thus not significantly affected by the total number of outer
rollers n. This means that the total number of outer rollers n should not be a significant

factor when considering wheel slippage and vibration in the design of the AOWBR.
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Fig. 12 Variation of (a) pressing force N; and (b) vertical displacement z; with total
number of outer rollers n.

4. EXPERIMENT

To verify the simulation results, experiments were conducted on two types of
prototype vehicle as described in this section. Based on the simulation results, the
hardness of the rubber block in the holding mechanism, the setting angle between the
transmission roller and the outer roller, and the total number of outer rollers were the
main considerations in the development of the two types of prototype.

4.1 Experimental setup
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Two types of prototype vehicle were developed for the experiments as shown in Fig.
13. Although the input shafts of the AOWBRs are placed on one side, the motion
mechanism is the same as that of Fig. 1. Prototype A was developed in [26]. For this
prototype, the vehicle is equipped with one AOWBR and a conventional omni wheel.
Two rows of outer rollers (total of six rollers) are arranged around the circumference of
the AOWBR. The setting angle between the transmission roller and the outer roller y is
22°. A rubber block is placed in the holding mechanism, as discussed in Section 2. To
confirm the effect of the elongation rate a,, on wheel slippage and vertical vibration,
two types of urethane rubber block, one with a Shore A hardness of 50 and the other a
Shore A hardness of 70, both with dimensions of 4mm X 10mm X 15 mm, are used in
prototype A. The prototype vehicles with these rubber blocks are referred to as
prototype A-50 and prototype A-70, respectively.

For prototype B, the left wheel is the AOWBR and the right wheel is a conventional
omni wheel. These wheels have the same shape and are coaxially arranged, as shown in
Fig. 13. The AOWBR has a single row of barrel-shaped outer rollers around its
circumference (total of eight rollers). The setting angle between the transmission roller
and the outer roller y is 90°. To realize the condition y = 90°, some gaps are provided
to avoid interference between the outer rollers. Urethane rubber with a Shore A
hardness of 50 is used in the holding mechanism for this prototype vehicle.

To make the comparison between the two types of prototype as fair as possible, the
total mass of each prototype was adjusted to 96.5 kg. All experiments were conducted

without a passenger on board. The same motors (Maxon RE65 250 W) were used to
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drive the wheels of both prototypes. The control system in each prototype was
composed of a microcomputer (Arduino Mega or Arduino Micro) and motor drivers

(Maxon ESCON).

Conventional
omni wheel

tructural parameter for AOWBR

Parameter Value
n 6
Y 22°
Ry 150 mm
Tmax 40 mm

Conventional
omni wheel

Value

90°
180 mm
20 mm

Fig. 13 Prototype vehicles with one AOWBR and one conventional omni wheel.
4.2 Slippage experiments and results
Experiments were conducted to confirm the effect of the design parameters on
wheel slippage. Both vehicles were commanded to move toward the left at a velocity of
V = 0.5 km/h. The AOWBR was set to contact the ground at the r;,,, section of the

outer roller when the vehicles started to move. This experiment was conducted five
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times for each type of vehicle. The trajectory of the vehicles was recorded by a three-
dimensional motion capture system (Vicon MX Bonita 3 and 10, Vicon Motion Systems
Ltd.), which was used to calculate the actual distance traveled by the vehicles. The
accuracy of Vicon is sub-millimeter, which depends on the distance from the camera to
the marker.
The slip rate was used to evaluate wheel slippage. It is defined as:
— Li—Lg

S =——=%x100%, (9)
Lt

where L, and L; are respectively the actual and theoretical travel distances of the
prototype vehicle. Here, L, can be obtained from the three-dimensional motion capture

system and L; is calculated as:

L, = Zmax g, (10)

nyin,
where n; is the reduction ratio between the motor and the output shaft of the AOWBR,
n, is the reduction ratio between the output shaft and the outer roller, and w, is the
rotational velocity of the motor. The rotational velocity of the motor is measured by a
rotary encoder mounted on the motor (HEDL 5540, Maxon Motor AG). The resolution of
the rotary encoder is 500 counts per revolution.

First, the actual trajectories of the prototype vehicle are compared with the
trajectory calculated from the motor rotations recorded by the rotary encoder. As
shown in Fig. 14, the longitudinal position is almost always zero. Specifically, the
longitudinal error is smaller than 4 mm even when the vehicle moves about 1200 mm in

the left direction. On the other hand, the actual moving distance along the left direction
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of each prototype vehicle is smaller than the calculated one, which means that the

slippage occurs.

Trajectory of prototype A-50 measured by Trajectory of prototype A-70 measured by
motion capture system motion capture system
Trajectory of prototype B measured by ~ ------ Trajectory according to rotary encoder
motion capture system
1400
= B ,
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Fig. 14 Comparison of trajectories measured by motion capture system and that
calculated from rotary encoder
To evaluate the slip situation of each prototype vehicle, the slip rate is discussed. The
slip rate of each vehicle in each experiment is summarized in Fig. 15, where the symbols
represent the slip rate in each trial, and the color bars (annotations are the exact values)
show the average slip rate. The confidence interval at a 5% significance level is indicated
by the error bar. The p-values obtained using Welch’s t-test are also shown in the figure.
The slip rate for prototype A-50 is much smaller than that of prototype A-70. The

difference in average values shows a 1% significance level (p < 0.01). This indicates that
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a harder rubber block leads to more slippage, which agrees with the simulation results
shown in Fig. 9.

Compared with the slip rate for prototype A-50, that for prototype B is smaller (p <
0.05) even though these vehicles had the same hardness of the rubber block. The
difference is statistically significant at a level of 5% (p < 0.05). Here, the ground contact
point did not change in the circumferential direction of the main wheel, so the effect of
the number of outer rollers is considered to be small. The main reason for the difference
in the slip rate is thus thought to be the setting angle between the transmission roller
and outer roller. The setting angle for prototype B is larger than that for prototype A-50.
This verifies that a larger setting angle increases the pressing force between the
transmission roller and outer roller, as shown in the simulation (Fig. 10). The difference
between the average slip rates of prototype A-70 and prototype B is statistically
significant at a level of 1% (p < 0.01). Additionally, in terms of slip rate, the difference
between prototype B and prototype A-70 is larger than that between prototype A-50
and prototype A-70. This indicates that selecting a larger setting angle is more beneficial

for reducing wheel slippage than changing the hardness of the rubber block.
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Fig. 15 Slip rate for prototype vehicles during movement.

4.3 Vibration experiments and results

To evaluate the effect of the design parameters on vibration during movement, the
vertical vibration of the vehicles was measured during forward movement. The velocity
was set to V = 1 km/h. An acceleration meter (Sorocaba-1, Cosmic ME Co., Inc.) with a
MEMS-type sensor tip (LIS344ALH, STMicroelectronics), which was fixed at the center of
the top plane of the vehicles after the seats were removed, was used to measure the
acceleration in the vertical direction. The sensitivity of the acceleration meter is 98.8%
for 9.8 m/s%. The sampling range was 20 m/s? and the sampling frequency was 1000 Hz.
A median filter with a size of 0.01 s was applied to remove noise from the measured
vertical vibration.

The calculation results for the frequency analysis are shown in Fig. 16. The vertical
dotted lines in the figure indicate multiples of the specific frequency f of the vibration

caused by switching of the outer rollers. This frequency can be calculated as:

%4

f= n. (10)

" 2mR,
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The specific frequency f for prototype A and prototype B, 1.77 and 1.97 Hz,
respectively, was obtained using the parameters shown in Fig. 13. The recommended
amplitude limit proposed by Janeway [32] was used to evaluate the vibration strength,
which is shown by the blue dash-dotted line in the figure. When the amplitude exceeds
the limit, the passenger may feel discomfort. As shown in Fig. 16, the vibration of
prototypes A-50 and A-70 is always below the limit, whereas that of prototype B has
some peaks beyond or close to the limit at several frequencies, namely multiples of the
switching frequency of the outer rollers (i.e., f, 2f, 3f, and so on). These peaks are
considered to be generated mainly by the gaps between the outer rollers. Except for
these peak vibrations, there is no obvious difference among the magnitude and
distribution of the vibration of these prototypes. It is inferred that the structural
parameters for the AOWBR have only a slight effect on the vehicle vibration.

A close observation of the vibration of prototypes A-50 and A-70 indicates that some
peaks also appear at multiples of the switching frequency of the outer rollers, as shown
in Fig. 16(a). Vibration at these frequencies might be caused partly by the displacement
of the outer rollers when they contact the ground. For example, in the simulation, z;
caused vibration at frequency f. On the other hand, the effect of the hardness of the
rubber block on vibration seems limited, as inferred from a comparison of the results for
prototypes A-50 and A-70. Therefore, the vibration caused by resonance might be
dominant. Based on this result, more attention should be paid to avoiding resonance

rather than the vibration strength dependent on the design parameters of the AOWBR.
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Fig. 16 Frequency analysis results for vertical vibration during vehicle movement for (a)
prototype A (f = 1.77 Hz) and (b) prototype B (f = 1.97 Hz).

The simulation and experiment results are summarized in Table 2. Both simulation
and experiment show similar results that a larger setting angle and a softer rubber block
are effective in suppressing roller slippage in the design of the AOWBR. The vibration
due to the displacement of the outer rollers has a limited influence on vehicle vibration.

Since the total number of the outer rollers hardly affects the vertical vibration and
wheel slippage directly, it should be determined by considering the number of parts and

avoidance of resonance with the vehicle body. Then, the radius of the outer rollers can

be determined properly to get close to the above design purpose.
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Table 2 Comparison of simulation and experiment results

Harder settl_iirgae; le Smaller Larger
rubber of Ogutef radius of number of
block outer roller | outer rollers
roller
Pressing force N; | Negative Positive L|ttIe_ L|tt|e_
Simulation correlation correlation
Vertical . . Little Little
. Negative Negative . .
displacement z; correlation correlation
Non-slippage Negative Positive
Experiment -
Vibration thtle_ Little correlation
correlation

5. CONCLUSION

The AOWBR was previously proposed to meet the requirements of omnidirectional

mobility and small vibration. A friction drive is used to drive the outer roller to realize

lateral movement. However, slippage may occur between an outer roller and the

corresponding transmission roller, which would lead to errors in the motion control of a

vehicle equipped with the AOWBR. To solve this problem, this study investigated the

relationship between the structural parameters and wheel slippage and vibration. The

following results were obtained:

1) Under the assumption of no slippage between the wheel and the ground, the

kinetic model for the whole AOWBR was separated into those for the wheel main

body, the transmission roller, and the outer roller.

2) Based on the kinetic models, simulations were conducted to examine the dynamic

characteristics of the AOWBR. The results show that the pressing force between the

transmission and outer rollers, and the vertical displacement of the main wheel

increase when the hardness of the rubber block in the holding mechanism is softer.
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3)

Additionally, when the setting angle between the transmission and outer rollers is
increased, the pressing force increases whereas the vertical displacement decreases.
The total number of outer rollers and the maximum cross-sectional radius of the
outer roller have little influence on the pressing force and vertical displacement. It is
inferred that softer rubber and a larger setting angle contributed to reducing wheel
slippage and vibration. The AOWBR has high design freedom in terms of the total
number of outer rollers and the radius of the outer roller for avoiding wheel
slippage and vibration.

Experiments were conducted to measure slippage and vibration using two types of
prototype vehicle. The experimental results show that a softer rubber block and a
larger setting angle lead to less slippage, which agrees with the simulation results. It
also shows that the variation of the vehicle vibration calculated in the simulation is
small on the scale of the practical vehicle, and the difference in the structural
parameters of the AOWBR does not cause unacceptable vibration.

This study mainly focused on the motion characteristics of the AOWBR when it

moved forward. On the other hand, the motion characteristics may be changed when it

turns on the spot maneuvers because of the effect of the centrifugal force and self-

aligning torque. This will be investigated in the future.
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NOMENCLATURE

A

C}r
Féaer}bx;
PéayrF}byr
F&az:Pébz
Péaxlﬁébx
Féayrf%by

Féaerébz

f

Cross-sectional area of rubber block

Correction term

Resistance coefficient

Forces from transmission roller at each end along positive X,-axis

Forces from transmission roller at each end along positive Y,-axis

Forces from transmission roller at each end along positive Z,-axis

Forces from outer roller at each end along positive X3-axis

Forces from outer roller at each end along positive Y3-axis

Forces from outer roller at each end along positive Z;-axis

Driving force

Inertia moment of wheel main body around X, -axis

Inertia moment of outer roller around X5-axis

Parameter that depends on dicumyl peroxide content in rubber

Modulus of elasticity between transmission roller and outer roller

Distance from center point of transmission roller to its support point
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m; (i =1,2,3)

Distance from center point of outer roller to holding mechanism

Actual travel distance of prototype vehicle

Theoretical travel distance of prototype vehicle

Original length of rubber block

Distance from center point of wheel main body to that of transmission

roller

Mass of wheel main body, transmission roller, and outer roller

Normal force from wheel to ground

Pressing force from outer roller to transmission roller

Total number of outer rollers

Reduction ratio between motor and output shaft

Reduction ratio between output shaft and outer roller

Significance probability

Radius of main wheel without consideration of deformation of outer

roller

Maximum radius of cross section of outer roller

Radius of the transmission roller

Slip rate

Moving velocity

ASME JMR-23-1080, Terakawa 32



Journal of Mechanisms and Robotics

X1, Y1, Z1 Displacement of wheel main body along X;-, Y;-, Z;-axes direction

Xy, V2, Z2 Displacement of transmission roller along X,-, Y-, Z,-axes direction
X3, V3, Z3 Deformation of outer roller along X5-, Y3-, Z3-axes direction

a, A, Elongation rate for rubber block in holding mechanism at left and right

sides, respectively

A Maximum elongation rate for rubber
y Setting angle between transmission roller and outer roller
0, Rotation angle of wheel main body around X; -axis
03 Rotation angle of outer roller around X3-axis
T1 Driving torque carried on wheel main body
Wy Rotational velocity of motor
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Table Caption List
Table 1 Standard parameter values used in simulation (parameters on left side

were fixed and parameters on right side were varied)

Table 2 Comparison of simulation and experiment results
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maximum elongation rate of rubber block a,,

Variation of (a) pressing force N; and (b) vertical displacement z; with

setting angle of outer roller y

Variation of (a) pressing force N; and (b) vertical displacement z; with

maximum radius of outer roller 73,4,

Variation of (a) pressing force N; and (b) vertical displacement z; with

total number of outer rollers n

Prototype vehicles with one AOWBR and one conventional omni wheel
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Fig. 14 Comparison of trajectories measured by motion capture system and that

calculated from rotary encoder

Fig. 15 Slip rate for prototype vehicles during movement

Fig. 16 Frequency analysis results for vertical vibration during vehicle movement

for (a) prototype A (f = 1.77 Hz) and (b) prototype B (f = 1.97 Hz)
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