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Mecanum wheels are capable of moving a vehicle to any direction instantaneously by the combination of independent wheel
rotations. Because themecanumwheel is composed of a hub and rollers, however, it has unavoidable drawbacks such as vertical and
horizontal vibrations due to the sequential contacts between rollers and ground. In order to investigate the dynamic characteristics
of a mecanum wheel, we made a prototype and performed experiments to measure the vertical vibrations. Interestingly, it was
observed that the vertical accelerations were asymmetric with respect to the average value of signals; the vibration signals of
upward and downward directions show quite different shape. This asymmetric phenomenon was confirmed through the dynamic
simulations performed by RecurDyn. In addition, the peak-to-peak and RMS values of the displacements and accelerations were
calculated to investigate the effects of the curvature of rollers on the vertical vibrations of the vehicle. Furthermore, we proposed
a mecanum wheel having a spring to attenuate the vibrations. It was also noted that the significant reduction of the vertical
accelerations was observed due to the absence of the spring. Finally, considering the equivalent stiffness of the mecanum wheel
for several different fillet radii, we found the optimal geometric design whichminimizes the vertical vibration of a mecanumwheel.

1. Introduction

Industrial and personal requirements for convenient maneu-
verability of vehicles have attracted much attention recently.
However, the mechanisms of robots or vehicles with a
conventional wheel are restricted to only one directional
movement. For example, vehicles or robots equipped with
classical steering system are difficult to move to the lateral
direction and require the radius of gyration for turning.
Therefore, those platforms are hard to rotate or avoid obsta-
cles in narrow indoor spaces. For these reasons, a variety of
wheels and driving platforms for omnidirectional movement
have been developed to enhance the maneuverability of the
vehicle ormobile robot. For example, the castorwheel and the
special wheel type are used for the omnidirectional platform
[1].

The castor wheel type is that the vehicle or the mobile
robot is designed with the combination of the steered and
conventional wheel [2–4]. However, the steered wheel has
the high wheel scrubbing when it rotates with respect to its
vertical axis for the change of the driving direction [5]. In the

special wheels, passive rollers are oriented against the wheel
shaft and connected to the wheel circumferentially. Also, a
vehicle using special wheels is capable of omnidirectional
movement by the combination of independent wheel rota-
tions. Among the special wheels, the omniwheel, the passive
roller axis being skew to the wheel axis at a 90∘ angle, is
generally used with single and double row types [6–8]. The
vehicle with the omniwheel is usually composed of three or
four wheels, but four-wheeled vehicle is generally preferred
for the stability of the platform.

Another type is a mecanum wheel which is initially
designed by Ilon [9]. The mecanum wheel has high load
capacity, and it is usually used for a wheel chair or fork lift
[10, 11]. The configuration and advantage of mecanum wheel
are as follows. The passive rollers are oriented at a ±45∘-
degree wheel axis and are connected to wheel around [12–
15]. Typically the mecanum wheel consists of several passive
rollers, forks, and a hub or disk. The hub, which is connected
to the actuating motor, is a part to support the forks and
rollers, and the passive rollers generate the driving force by
the contact with the ground. Also, the vehicle is able to move
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to any direction by the combination of each wheel motion
independently controlled.

In spite of the advantage such as the omnidirectional
motion, the mecanum wheel has the unavoidable vibration
due to its structural shape [3, 15, 16]. A vehicle withmecanum
wheels can be excited vertically because the rollers transfer
the impact forces to the vehicle body due to the consecu-
tive contacts of rollers with ground. Although the contact
between themecanumwheel and ground itself is continuous,
the contact points of the rollers are discontinuous. The
discontinuity of the rollers causes the vertical vibration of a
vehicle and a mobile robot. These unintended vibrations can
reduce the positioning accuracy as well as the ride comfort of
a wheel chair passenger.

Although the mecanum wheel has the well-known draw-
back of vibration problem, few studies have been conducted
in prior research efforts to minimize the vibration. Nev-
ertheless, in the other wheels to offer the omnidirectional
movement, few studies have been conducted to reduce the
vibration. For example, Byun proposed the alternative omni-
wheel of which outer roller is connected at each inner roller
[17–19]. Unlike the classical omniwheel, this wheel has the
continuous contact between the wheel and ground because
the gaps between rollers are eliminated by the combination
of inner and outer rollers. However, this approach is difficult
to apply for the mecanum wheel, and the driving efficiency
can be decreased by the friction between the inner and outer
rollers. On the other hand, the ball wheel or spherical motor
has been considered for the continuous contact between
the wheel and ground [20–22]. The several ball wheels are
installed under the vehicle body, and they can be rotated by
the motion of the special or conventional wheels. This type
also has the disadvantage such as the wear and tear of the ball.
However, there remains a need to quantitatively interpret the
vibration mechanism by using the experiment and dynamic
simulation.

For these reasons, we focused on the quantitative anal-
ysis of the vertical vibration of the vehicle with built-in
mecanum wheels. To do this, we designed the prototypes of
the mecanum wheels and observed the asymmetric vertical
acceleration of the wheel. In order to investigate the vertical
vibration of themecanumwheel, the dynamic simulationwas
performed using RecurDyn [23]. The parameter study was
also performed to determine the optimal curvature range to
minimize the vertical vibration. To additionally reduce the
vertical vibration, we proposed the alternative design of the
fork using the spring to attenuate the vibration. Finally, the
equivalent stiffness of the fork was calculated using the finite
element analysis.

2. Experiment

A mecanum wheel was designed, and multiple prototypes
were implemented to investigate their dynamic characteris-
tics. The proposed design of the mecanum wheel is consisted
of a hub and eight forks and rollers for the wheel, as shown in
Figure 1.The diameter andwidth of themecanumwheel were
designed to be 320mm and 150mm, respectively. The hub
and forks were made of aluminum, and the rollers were made

Hub

Roller

Fork

Figure 1: Schematic of the proposed mecanum wheel and its
components.

of acrylic materials. The eight forks, which were inclined
at angles of 45∘ with respect to each other, were separately
connected to the hub by two bolts for easy installation and
replacement in the case of damage ormalfunction.Moreover,
eight rollers were installed through the bearings at each fork
to rotate freely by the action of frictional forces generated
upon contact with the ground.

Experiments were carried out to observe the vertical
vibrations of the proposed mecanum wheel. As shown in
Figure 2, the prototypes of the mecanum wheels are installed
on a four-wheel driving wheelchair, with suspension on each
wheel to improve ride quality. The vertical accelerations of
the mecanum wheel were measured when the wheelchair
executed translational motion along straight paths. In order
to avoid the effects of the suspension, an accelerometer
(Type 4507, Brüel & Kjær) was installed underneath it (see
Figure 2(b)). Additionally, the experimental measurements
were performed on a flat and smooth ground surface to
minimize the effects of road conditions. Low- and high-
speed movements were applied to the wheelchair by manual
operations in order to determine the effect of the speed
dependency on the vertical vibration of the mecanum wheel.
Time signals of the vertical acceleration were acquired at a
10 kHz sampling frequency, as shown in Figure 3. As the eight
rollers contacted the ground consecutively, contact forces
were periodically generated. Although the time signals did
not elicit a distinct time period due to the manual operation,
maximum accelerations occurred as many times as the roller
contacted the ground. Furthermore, it was observed that
the magnitudes of the vertical accelerations at high speeds
were much higher than those at low speeds, and the periods
at high speeds were much shorter than those at low-speed
movements.

Interestingly, it was also noted that the accelerations
along the positive (upward) direction were much greater
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(a) Side view of the prototype

Accelerometer

(b) Location of the accelerometer to mea-
sure the vertical vibration of the wheel

Figure 2: Prototype of the proposed mecanum wheel and sensor location for the measurement of vertical vibrations.
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Figure 3: Vertical accelerations of the vehicle with built-in mecanum wheels (a) at low speed and (b) at high speed.

than those along the negative (downward) direction. It is
noteworthy that this asymmetrical phenomenon is move
evident at high- rather than low-driving speeds. In other
words, the peak amplitudes of the positive accelerations are
much higher than those of negative accelerations, as shown
in Figure 3(b). At high speeds, the magnitudes of positive
accelerations are nearly three times greater than those of
negative accelerations. It is supposed that the asymmetrical
behavior is caused by the structural shape of the mecanum
wheel on which the rollers are inclined by 45∘ with respect to
each other.Therefore, in order to investigate the asymmetrical
phenomenon in detail, a quantitative analysis of the dynamic
characteristics is performed, and the contact mechanism of
the mecanum wheel is explained in the next section.

3. Dynamic Simulation of the Mecanum Wheel

In this chapter, dynamic simulations of a vehicle with built-
in mecanum wheels were carried out by using RecurDyn
[23] software to investigate the asymmetric behaviors of
accelerations. The roller slip of the mecanum wheel was
also considered to replicate the actual driving environment.
In addition, the peak to peak and the RMS values of the
displacements and the accelerations of the vehicle with
built-in mecanum wheels were analyzed, and the optimal
range of the curvature minimizing the vertical vibration was
proposed.

Figure 4: Dynamic simulation model for a proposed mecanum
wheel.

3.1. Characteristics of the Vertical Accelerations of the Wheel
and Vehicle Body. The vehicle model consists of the vehicle
body and four mecanum wheels, as shown in Figure 4. The
vehicle body, which is a cuboid shape, was used in order
to avoid the asymmetric effect due to the body shape. The
height, width, and length of the vehicle body were 150mm,
300mm, and 750mm, respectively. Four mecanum wheels
and the body were connected with revolute joints and the
driving torque was applied to each revolute joint. The mass
of the vehicle body and the mecanum wheels were 266 kg
and 14 kg, respectively. Also, the static and dynamic friction
coefficients between the rollers and groundwere set as 0.5 and
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Figure 5: Simulation results of the vehicle andmecanumwheels. (a) Vertical displacements of the vehicle body (red solid line) and each wheel
(blue dash: left front wheel, blue solid: right front wheel, black dash: left rear wheel, and black solid: right rear wheel), (b) vertical accelerations
of the vehicle body (vertical red dash line indicates the time when the changeover of rollers occurs).

0.4, respectively. Total simulation time was 200 seconds and
the sampling frequency was 1000Hz.

Figure 5(a) illustrates the vertical displacements of each
wheel and the vehicle body, and Figure 5(b) illustrates the
corresponding vertical acceleration of the vehicle body to
show the phase differences. Those were calculated at the
center of gravity in the average driving speed of approxi-
mately 0.75m/s. It can be observed that each wheel oscil-
lates randomly with respect to the time, and the vehicle
body vibrates by the interaction of each wheel motion. In
particular, the phase changes of each wheel were randomly
repeated in the entire simulation period; for example, the
phases of four wheels are quite identical initially and quickly
randomized in the considered period. These phase changes
can be explained by the fact that the slips between rollers
and ground lead to the different angular displacement of
each wheel despite applying constant torque. Moreover, the
vertical displacement of the vehicle body is equal to the
average of that of each wheel, because it was calculated at
the geometric center of the vehicle body. Therefore it can
be concluded that the combination of the slip motion and
the vertical displacement of each wheel generates the vertical
dynamic characteristics of the vehicle body.

The asymmetrical acceleration of the vehicle body was
also observed in this simulation, as shown in Figure 5(b).The
vertical red dash line indicates the time at which the roller of
the left rear wheel contacted with the ground changes over.
As can be seen, the peaks of the positive accelerations are
higher and sharper than those of the negative accelerations.
In particular, it appears that the impact force due to the
contact between the rollers and road generates the peak of the
vertical acceleration of the vehicle body. In other words, the
vehicle body is vibrated by the sequential contacts between
the rollers and the road. Finally, we considered that this type
of impact mechanism due to the contact between the rollers
and road mainly attributes to the asymmetric accelerations
of the vehicle body with built-in mecanum wheels, and it is
supposed that the vertical vibration of the vehicle body can
be reduced by the geometry change of the rollers.

3.2. The Effect of the Roller Curvature to Vertical Vibration.
Although the peak of the vertical acceleration is unavoidable
in the mecanum wheel platform, it is possible to minimize

Table 1: Curvature and height of the nine rollers used in the
computations.

Model Curvature (mm−1) 𝐻roller (mm)
1 0.0011 26
2 0.0026 23
3 0.0037 21
4 0.0042 20
5 0.0047 19
6 0.0052 18
7 0.0056 17
8 0.0066 15
9 0.0075 13

the vibrations of the mecanum wheel choosing the optimal
parameter of the rollers. To do this, we calculated the vertical
displacements and accelerations of the vehicle body with
respect to the several curvatures of the roller shown in
Figure 6. The displacements of the wheel depend on the
distance between the center of the wheel and the contact
point of the roller with the road, and thus we expected that
the roller curvature has the optimal values to minimize the
vertical vibration. Therefore the curvature of the rollers was
set as the design parameter, and the nine curvatures were
analyzed in this study. The geometric data of the rollers are
listed in Table 1. Geometrically the curvature of a straight line
is defined to zero. Also in order to investigate the effects of
the speed, the low, mid, and high speeds of the vehicle were
taken into account setting approximately 0.5m/s, 0.75m/s,
and 1.0m/s, respectively.The vertical displacement and accel-
eration were extracted at the center of gravity of the vehicle
body. Then, the peak to peak and root mean square (RMS)
values of displacement and accelerations were calculatedwith
respect to the roller curvatures. In order to minimize the
transient effects of the vehicle motion, the peak to peak and
RMS values were computed using the data during the time
between 30 and 200 seconds.

Figure 7 shows the peak to peak and RMS values of
displacements and accelerations with respect to the roller
curvatures and the driving speeds. Comparing Figures 7(a)
and 7(b), the speed dependency is clear in the acceleration
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(a) Geometry of the rollers

(b) Nine rollers of different curvatures used in the dynamic simulations

Figure 6: The geometry and shape of the rollers.
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Figure 7: Simulation results of the vehicle vibrations with respect to nine curvatures of rollers and three driving speeds of the vehicle. (a)
Displacement and (b) acceleration (red, blue, and black lines indicate low, mid, and high speed, resp., and top and bottom figures indicate
peak to peak and RMS values, resp.).

results, even though the calculation values of the mid speed
are not equal to the average speed of the low and high
speeds. However, the curvature dependency is obvious in
the displacement results. In particular, the RMS values of
the displacements show the same tendency regardless of the
driving speeds. We reasoned that the displacements of the
vehicle body are dominated by the geometry of the roller. In
addition, the peak to peak results show themore complicated
pattern than the RMS results with respect to the curvature.
Also those variations of the accelerations were increased

with the increasing speed because of the inertia effect. For
example, the peak to peak value of the acceleration at 1st
curvature is similar with that of 7th curvature in the low
speed; however the difference of them occurs approximately
three times in the high speed.

The calculation values of the displacements and accelera-
tions tend to increase with the sharp or excessively rounded
edge of the roller.This pattern is also more distinct in the dis-
placement results than the accelerations. It might seem rea-
sonable that the excessive curvature results in the increased
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Figure 8: Original and a proposed design with a spring and a revolute joint.

displacements and the accelerations due to the unintended
bumpy motion of the vehicle when the changeover of the
rollers occurs. On the other hand, adequate curvature leads
to the lower displacements and the accelerations because
the contact point of the roller is smoothly changed to the
next roller. Indeed, the local minimum values were observed
clearly in the RMS of the displacements. And those were also
weakly shown in the acceleration results. In this study, we
considered that the optimal curvature is in the range between
3rd and 7th curvatures.

4. Design Change of the Fork

In this chapter, the alternative design of the forkwas proposed
in order to additionally reduce the vertical vibration of the
vehicle body. The spring to absorb the impact force caused
by the contact of the rollers was used to suppress the vertical
vibration, and the dynamic simulation of the proposed design
was performed. In addition, the equivalent stiffness of the
fork was calculated using the finite element analysis.

4.1. Spring to Attenuate the Impact Force. To suppress the
vertical vibration of the mecanum wheel, the design of the
fork was modified using the spring, as shown in Figure 8.
The bridge was replaced with a spring and a frictionless
revolute joint in the proposed design. The spring can be
expected to attenuate the vibration and shock caused by the
contact of the rollers and the inertia effect of the vehicle
body. The revolute joint is used to allow the stretch and
compression of the spring, because the dynamic simulation
generally considers rigid body motion; the spring cannot be
deformed without the rotation of the fork. Now, we carried
out the parametric study of the proposed design in order to
determine the optimal value of the spring stiffness. Similar
with the previous section, the peak to peak and RMS values
of the vertical displacement and acceleration of the vehicle

body were calculated with respect to the spring stiffness. The
fourth curvature, as an example of the roller curvature, was
chosen in this simulation at the low, mid, and high driving
speeds. The calculations were performed for the seven values
of stiffness in the range between 100N/mm and 400N/mm.

Figure 9 shows the peak to peak values and RMS values
of the displacement and the acceleration at the CG point of
the vehicle body. It is noted that the vertical accelerations are
significantly reduced by the shock absorption of the spring.
Compared to absence of the spring, the peak to peak values
of the acceleration in the presence of 200N/mm spring were
reducedwith 64.4%, 83.0%, and 81.4%, and the RMS values of
accelerationwere reducedwith 60.5%, 75.0%, and 71.5% at the
low, mid, and high speeds, respectively. On the other hand,
the RMS values of the displacements slightly decreased in the
presence of the spring because they aremainly determined by
the geometry of the rollers.

From Figure 9, the curves of the displacement and accel-
eration values are smoother than the results with respect
to the curvatures shown in Figure 7. It could be inferred
that the contact forces of the rollers are uniformly generated
by the shock-absorbing effect of the spring. Also, the speed
dependency was clearer below the stiffness of 200N/mm.
Because it is obvious that the lower stiffness leads to the larger
deflection of the spring, it causes higher vertical displacement
and acceleration of the vehicle body.

In addition, the local minimum values were consistently
found in all results with respect to the spring coefficient and
the driving speed. Because the lower stiffness is insufficient to
resist the vertical force, it leads to the higher displacements
and the accelerations. Furthermore, all result values are
increased with the increasing of the stiffness. The previous
results with 4th curvature can be reasonably assumed the
result valueswith the infinite stiffness of the spring.Therefore,
the displacement and the acceleration values with respect to
the stiffness could ultimately converge to the infinite stiffness



Shock and Vibration 7

D
isp

. (
m

m
)

0

5

10

0 100 200 300 400 500
0

1

2

D
isp

. (
m

m
)

Stiffness (N/mm)

0 100 200 300 400 500
Stiffness (N/mm)

Peak to peak

RMS

(a) Displacement

0

5

10

0

0.5

1

Ac
c. 

(g
)

Ac
c. 

(g
)

0 100 200 300 400 500
Stiffness (N/mm)

0 100 200 300 400 500
Stiffness (N/mm)

Peak to peak

RMS

(b) Acceleration

Figure 9: Simulation results of the vehicle vibrations with respect to eight spring stiffness values and three driving speeds of the vehicle. (a)
Displacement and (b) acceleration (red, blue, and black lines indicate low, mid, and high speed, resp., and top and bottom figures indicate
peak to peak and RMS values, resp.).

results. Actually, it is observed that the calculation values
are gradually increased with the increasing the stiffness. In
other words, the displacement and acceleration results are
increased with the lower or the higher stiffness, and it is
essential that the results with respect to the stiffness have the
local minimum. In this study, the optimal spring stiffness was
determined at the range between 200 and 250N/mm.

4.2. Equivalent Stiffness of the Fork. We calculated the equiv-
alent stiffness of the fork based on the dynamic simulation
results. For vertical vibration, the bending of the fork was
considered instead of the spring. The analysis of the bending
behavior was carried out using the finite element method
software, Abaqus/Standard [24], because the dynamic sim-
ulation in this study was performed using the rigid body
analysis. The vertical force applied to the fork, and the
deflection was extracted at the tip of the fork in order to
calculate the equivalent stiffness from the slope of the force-
deflection relationship. The force and boundary conditions
are shown in Figure 10. In addition, the radius of the fillet was
set as the design parameter to extract the optimal stiffness.
The radius of the fillet means the radius of a circle rounding
the corner of the fork, as illustrated by Figure 10. In this
analysis, the corner of the fork becomes thicker as the radius
of the fillet increases; in other words, the fork is getting stiffer.
Thematerial of the fork was aluminumwith Young’smodulus
of 70GPa, Poisson’s ratio of 0.33. Also, the vertical force was
applied with range of 0 to 1000N. The fillet radii and the
corresponding stiffness of the fork are listed in Table 2. The
equivalent stiffness of the fork was proportionally increased
with the increase of the radius of the fillet. Also the optimal
spring value of 250N/mm was shown in between the fillet
radii of 2 and 3mm.

Applied
force

Fixed surface

fillet
Radius of 

Deflection

Figure 10: Force and the boundary conditions and the design
parameter of the fork.

Table 2: Equivalent stiffness with respect to the radius of fillet.

Radius of fillet (mm) Stiffness (N/mm)
0 201.21
1 222.86
2 245.82
3 272.67
4 303.23
5 339.37
6 382.49

5. Conclusions and Discussions

In this study, we performed the quantitative analysis of the
mecanumwheel vibration and proposed the mecanumwheel
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to suppress the vertical vibration. A mecanum wheel has
the inevitable vibration due to the repeated contact of the
rollers. However, the quantitative analysis of the vibration is
not actively researched. For quantitative analysis, we made
the prototype ofmecanumwheel andmeasured those vertical
vibrations. As a result, the asymmetric acceleration was
observed in the experimental results.Thedynamic simulation
was also performed in order to investigate the vertical vibra-
tion characteristic of the vehicle body with built-inmecanum
wheels. In addition, we proposed the optimal roller curvature
to minimize the vertical vibration based on the peak to peak
and RMS values of the displacements and accelerations. To
additionally reduce the vertical vibration, we suggested the
modified design of the fork, and the vertical accelerations
were dramatically decreased. Finally, the equivalent stiffness
of the fork was calculated using the finite element analysis.
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