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Abstract: This paper presents the vibration pattern measurement of two tower-typed holonomic
mobile robot prototypes: one based on a rigid mechanical structure, and the other including a passive
suspension system. Specific to the tower-typed mobile robots is that the vibrations that originate
in the lower part of the structure are transmitted and amplified to the higher areas of the tower,
causing an unpleasant visual effect and mechanical stress. This paper assesses the use of a suspension
system aimed at minimizing the generation and propagation of vibrations in the upper part of the
tower-typed holonomic robots. The two robots analyzed were equipped with onboard accelerometers
to register the acceleration over the X, Y, and Z axes in different locations and at different velocities.
In all the experiments, the amplitude of the vibrations showed a typical Gaussian pattern which has
been modeled with the value of the standard deviation. The results have shown that the measured
vibrations in the head of the mobile robots, including a passive suspension system, were reduced by
a factor of 16.

Keywords: holonomic robot; omnidirectional wheels; spring-based suspension system; vibration;
tower-typed mobile robots; Assistant Personal Robot

1. Introduction

The use of mobile robots is gaining popularity as an alternative way to offer reliable and more
efficient solutions to problems faced not only in industries [1-3] but also in domestic environments [4].
Providing appropriate assistance and care to elderly people has become one of the main concerns
in developed countries. This problem has already been highlighted by organizations such as the
United Nations [5] and the World Health Organization [6], whose studies on the evolution of the world
population postulate that the percentage of elderly people (aged 60 or more) will rise from 12% to 21%
during the next 35 years, as a result of the clear increase of human life expectancy. In this context, the
use of robots in domestic environments is a way of offering proper assistance to people of advanced
years due to the evolution of robotics and electronic health systems.

The motion system of assistive robots must be able to maneuver in unstructured and limited
spaces without interfering with the inhabitant’s lifestyle. This is a disadvantage for mobile robots
equipped with conventional two-independent driving wheels, as their mobility is restricted to one
directional movement due to the motion system only providing two degrees of freedom (DOF).
As a result, mobile robots equipped with classical steering mobility systems are unable to perform

Sensors 2017, 17, 1122; d0i:10.3390/s17051122 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://dx.doi.org/10.3390/s17051122
http://www.mdpi.com/journal/sensors

Sensors 2017,17,1122 20f17

lateral displacements. To overcome these limitations, it is essential to develop omnidirectional mobile
robots (OMR), where the term omnidirectional describes the ability of a motion system to change
the direction of movement without having to perform any intermediate rotation. As the Assistant
Personal Robot (APR) [7] is equipped with three omnidirectional wheels shifted 120° (kiwi drive),
it offers a 3-DOF motion system over a two dimensional plane [8]. This allows the robot to move in
any angle or direction [9], as well as perform arbitrary movements in arbitrary directions without
changing its orientation.

The primary components involved in creating an OMR are the omnidirectional wheels. There are
several types of omnidirectional wheels which are based on the same operating principle, providing
traction in the direction normal to the motor axis while using the inner passive rollers placed along the
periphery of the main wheel which can, as well, slide in the direction of the motor axis.

Figure 1 shows different types of omnidirectional wheels and their traces. Figure 1a shows a wheel
(universal wheel) designed with multiple passive rollers (or inner passive wheels) where the axes
are at a tangent with the main wheel circumference. This construction cannot avoid the existence of
discontinuities in the trace; therefore, it provides irregular contact with the surface due to the presence
of gaps between the successive rollers producing vibrations in the robot. Some solutions are proposed
to minimize those effects in these types of wheels, such as reducing the size of the gap between the
passive rollers [10]. Figure 1b shows the Mecanum [11,12], invented in 1973 by Bengt Ilon, an engineer
working for the Swedish company Macanum AB. This wheel is based on the use of overlapping rollers
providing continuous contact between the wheel and the ground. The design and adjustment of this
type of wheel’s parameters allow for a remarkable decrease of the vibrations [13]. These wheels are
often positioned in pairs over the same axle but in opposite orientations to a four-wheel structure.
The drawback of these wheels is the generation of horizontal vibrations due to the parasite torque
generated as a result of the contact points moving along a parallel line to the wheel shaft. Figure 1c
shows the double wheel concept based on the use of two overlapping parallel wheels. In this case, the
contact between the assembled wheel and the ground is continuous; however, this design still generates
a significant horizontal vibration originated by the gaps between the rotating inner wheels [14]. Finally,
in the design shown in Figure 1d the contact points are aligned in order to reduce the horizontal
vibration while using alternating passive rollers of different sizes and shapes in order to minimize the
gap between them, thus causing a slight vertical vibration. As with Macanum wheels, there are jobs
where vibrations are analyzed according to the design parameters [15].
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Figure 1. Types of omnidirectional wheels and their traces: (a) multiple passive rollers (or inner passive
wheels) in which the axes are positioned tangent to the main wheel circumference; (b) with the rollers
arranged in an overlapping way where the contact between the wheels and the ground is continuous;
(c) based on two overlapping parallel wheels; (d) based on using alternating passive rollers with
different size and shape.

The common point of the omnidirectional wheels (Figure 1) are the vibrations generated due to
the inner trace wheel discontinuities. In the case of the tower-typed mobile robots, these vibrations can
cause visible oscillations at the top of the mobile robot. For example, the proposal of [16] analyzes this
problem in the case of two-wheeled mobile robots, testing a vibration minimization technique based on
using different acceleration and deceleration velocity profiles along with the effects of using soft and
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hard wheels instead of using a dedicated suspension system. The occurrence of vibrations is frequently
used for reconnaissance of the terrain [17-20], or even power generation [21], but is often a problem
for the safety of the components and for their correct operation and comfort [22-26]. The vibrations
appearing at the head of the mobile robot cause mechanical stress, cracks [27], and also an undesired
visual effect during the displacements.

This paper proposes the measurement of the vibrations originating in two tower-typed APR
mobile robot prototypes: APR-1 and APR-2. The second prototype has been improved by including
a suspension system mounted at the holonomic base, which is equipped with three omnidirectional
wheels based on the alternation of passive rollers (previously exemplified in Figure 1d). The vibration
patterns of the two mobile robots have been obtained by measuring the accelerations at one wheel,
chassis, and at the top of the structure.

2. Materials and Methods

The materials used in this paper are two prototypes of the mobile robot APR. The mechanical
structure of the first APR-1 prototype was described in [7] and the second improved APR-2 prototype
was described in [28]. This paper is focused on the measurement of the vibration patterns found in both
prototypes by using multiple linear three-axis accelerometer devices in order to gather the vibration
patterns from different locations on the mobile robots and evaluate the improvements achieved.

2.1. Mobile Robot Prototypes

The experimental part of this paper has been carried out using two APR prototypes (Figure 2);
both devices are tower-typed omnidirectional mobile robots with three omnidirectional wheels shifted
120°. The APR-1 [7] was the first APR prototype implemented (Figure 2a) and was built on a rigid
structure with a motion system, with the wheels and a tower directly attached. The APR-2 was the
second improved prototype implementation (Figure 2b) and it includes a passive suspension system
implemented at the base of the robot.

Figure 2. Images of the two mobile robot prototypes analyzed; (a) APR-1, (b) APR-2.
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Humans are the inspiration for the physical design of the APR, which resembles them; it is
designed to navigate through environments planned to ease their mobility and it is also capable of
moving its head and arms. The mobile robot design lacks, on purpose, sharp edges or projecting parts
for safety reasons and to facilitate its use in domestic unstructured environments. The structure of the
APR is also designed to maintain its reliability as a multipurpose mobile platform; therefore, the main
body of the robot is a single thin aluminum tube, on which various measuring devices can be easily
clamped on.

The inner mechanical structure of the APR was made with a combination of stainless steel and
aluminum parts to guarantee its durability and resistance. All of the heavy elements are located at the
base of the robot, lowering its center of mass almost to ground level, and also reducing vibrations at
the top of the robot. In both prototypes, the structure of the APR is divided in two parts, the holonomic
motion system and the thin body or tower.

The mobile robot has a circular base section which supports the holonomic motion system
composed of three omnidirectional wheels, the batteries, the Light Detection and Ranging (LIDAR)
device, and the main electronic boards. The inner design of the base is covered with a low-cost
3D printed thermoplastic polymer, Acrylonitrile Butadiene Styrene (ABS), which provides flexible
protection that will contribute to absorbing part of the energy of impacts in the case of collision.
The circular design minimizes the probability of getting accidentally hooked on furniture objects such
as mats, curtains, or clothing, and plays a crucial role when operating in tight indoor spaces, simplifying
the mobile robot tele-control when passing through doorways, small corridors, or complicated
environments. This three-wheeled robot has three independent geared DC motors attached to the
omnidirectional wheels that provide 3 DOF to the motion system. Each wheel has the same distance,
R, from its center to the center of the mobile robot. The APR has a triangular contact area with the
ground due to the three wheels used in the motion system.

The mobile robot has a thin body and an upper part mainly designed for human interaction.
The head of the mobile robot has a multi-touch panoramic screen and two arms each with one degree
of freedom in order to move them forward and backward. The chest and shoulders of the APR are
located approximately at 1.3 m height, which is slightly lower than the average for human shoulders.
The shoulders of the APR enclose two DC geared motors which are connected to two soft arms with
a 35 cm separation in between. The arms are 55 cm long for esthetical reasons and can be used as
a support by elderly people when walking or can be used for basic gesture interaction. The arms
are periodically moved during a forward displacement in order to replicate the natural movements
performed by humans when walking. Table 1 summarizes the main physical features of the two mobile
robots used in this paper.

Table 1. Physical specifications of the two APR prototypes.

Height (cm) Width (cm) Weight (kg)  Suspension Screen (Inches)

APR-1 164 48 34.5 No 7
APR-2 168 54 38.3 Yes 13

Figure 3 shows the structural diagram of the two mobile robot prototypes used in this paper.
The chassis in the design of the APR-2 prototype (Figure 3b) improves the wheels and tower joints.
The improved joints are based on a damped arm and a joint between the tower and the chassis,
allowing the tower to balance and improve its stability as the pivot point is positioned above the
tower’s center of gravity. Figure 4 shows the CAD design of the suspension system. Finally, Figure 5
shows an overview of the implemented suspension system (Figure 5a), and a close-up image of a
single arm of the base (Figure 5b). The red parts of the APR-2 prototype are made of a flexible 3D
printing filament. This prototype also includes two sets of spring-based connections; the first one is
located between the motor’s and batteries’ structures; and the second one is found between the mobile
robot batteries” and the central tower’s structures.
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Figure 3. Structural diagram of the (a) APR-1 prototype and the (b) APR-2 prototype. The dark green
dots depict the location of the measurement points: wheel, chassis, and head.
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Figure 5. Image of the passive suspension system of the APR-2; (a) overview, (b) arm detail.
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2.2. Profile Wheel Vibration

The most common holonomic motion system for robots is based on the use of three or four
omnidirectional wheels. The operational function of the different types of omnidirectional wheels
is based on providing traction in the natural direction towards the motor axis, and using numerous
passive rollers (where the axes are at the tangent of the wheel circumference) that can slide in the
direction of the motor axis. This implementation allows the wheel to spin as well as perform
perpendicular displacements from the wheel’s forward trajectory, allowing the robot to move in
any direction.

The common motion system implemented in the APR is based on the use of three omnidirectional
wheels shifted 120° and is composed of passive rollers placed along the periphery of the main wheel.
Figure 6 shows the design of one omnidirectional wheel based on the use of alternating passive rollers
with different sizes and shapes in order to minimize the gap between the rollers. Table 2 summarizes
the main mechanical features of the wheels. In this case, the theoretical contact points between the
wheel and the ground are aligned, but the gap between rollers and some manufacturing defects cause
horizontal and vertical vibrations.

\ 8ap

/m\\

Figure 6. CAD section showing the alternate use of the two passive roller types and the gap

between them.
Table 2. Main mechanical features of the omnidirectional wheels.
Diameter Width Outer Rollers Inner Rollers Gap Maximum Vertical
(cm) (cm) Specifications Specifications (mm) Displacement ! (mm)
300 44.48 7 units DOmax 44.48 7 units Omax 26.52 282 0.0066

mm Length 67.5 mm  mm Length 60.5 mm

1 Maximum distance of the typical shape of the vertical displacement profile.

Equation (1) describes the analytical expression used to obtain the gap or distance between the
rollers depending on the mechanical wheel features:

2.7 — ni<2- sin”! (%)21? — no (2- sin”! (l—"r> 'r> ’ @

gap = 2-r-sin

where ni and no are the number of the inside and outside passive rollers, li and lo are the length of the
inside and outside passive rollers, and r is the radius of the wheel.
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Equations (2) and (3) describe the analytical expression used to obtain the vertical displacement
profile, d, of the center of the wheel when the gap between the passive rollers are in contact with
the ground.

. T o —1/8ap Cos(‘Tfsin (ﬁ))
7 (sm(32 sin 1(85)) + fan( 3'T"2’Sin71 gﬂp))ﬂ)) ’ 010 i) (%> -
\/<fan((3;rsmll(8?:’))+a)> +(=1)?

Apax =1 — 41?2 — (%)2 3)

d(a) =

where o is the angle that forms the gap.

Figure 7 shows the vertical displacement profile’s typical shape, d, that appears in the center of
the omnidirectional wheel due to the gap between the rollers. This displacement profile has a sharp
transition that causes strong vertical vibrations. The maximum theoretical amplitude or displacement
is 0.006 mm but in the practice this value is also affected by the weight of the mobile robot that crushes
asymmetrically the soft cover of the passive rollers.
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Figure 7. Profile of the vertical displacement of the wheel’s center found across the gap.

2.3. Vibration Measurement

The vibrations measurement is carried out by a LIS3DSH accelerometer manufactured by
STMicroelectronics (Rennes, Switzerland). The LIS3DSH is a low-power high-performance three-axis
linear accelerometer of compact size (3 x 3 x 1 mm), the dynamic measurement range is selectable
between £2 to 16 g, the sensitivity is between 0.06 to 0.73 mg/digit depending on the range, and it
has a maximum sampling rate of 1.6 kHz.

The complete data acquisition system is based on the STM32F4-Discovery board from
STMicroelectronics that includes on the same board the LIS3DSH accelerometer sensor and a
STM32F407VGT6 32-bit high-performance microcontroller based on the ARM Cortex™-M4 processor
developed by ARM (Cambridge, UK), and which is also manufactured by STMicroelectronics (Figure 8).
This acquisition system has an USB 2.0 on the go (OTG) interface for connectivity, a reset pushbutton,
and a user configurable pushbutton used for data or experiment triggering.
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Figure 8. Data acquisition system based on the STM32F4-Discovery board.

The microcontroller uses an internal timer to read the raw accelerometer data using a Serial Port
Interface (SPI). The maximum sampling rate is 1.6 kHz and the raw accelerometer data is stored in the
microcontroller’s RAM and then transferred as a text file to a USB flash-disk memory connected to
the USB 2.0 OTG interface. The microcontroller is able to store up to 12,424 samples of the three-axis
accelerometer, which means 7.765 s at the maximum sampling rate supported by the accelerometer.

The measurements have been carried out by configuring the accelerometers with a dynamic range
of £4 g and a sensitivity of 0.12 mg/digit. This range has been obtained by a trial and error procedure in
order to avoid any saturation in the raw data obtained from the accelerometers. The standard deviations
of the sensor for the X, Y, and Z axes at zero speed were 0.0132 g, 0.0181 g, and 0.0144 g, respectively.

3. Measurements

The vibration measurement has been performed by attaching the accelerometers to one wheel, to
the chassis, and to the top of the mobile robot (see Figures 3 and 9 for reference). The accelerometers’
axes orientation is the same as the reference axes plotted in Figure 9, where the Z axis corresponds to
the normal vector, the X axis to the longitudinal vector, and the Y axis corresponds to the side vector.

(b)

Figure 9. Mobile robot APR-1 with a red box representing the location of the accelerometers: front
(a) and side (b) view. The longitudinal, normal, and side axes of the measurements are depicted with a
blue, green, and red arrow, respectively.

Tables 3-5 show the raw data obtained by the accelerometers located on both robots along the
longitudinal, side, and normal axes, respectively. The maximum speed of the two mobile robots is
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100 cm/s. The operational speed range is in an array from 19 and 66 cm/s hence the data provided
in the tables depicts these two extreme velocity cases. The gathered data from the APR-1 (without
suspension) is shown in blue; the gathered data from the APR-2 (with passive suspension) is shown
in orange.

Tables 3 and 4 show the vibrations” dynamic evolution measured in both the wheels and chassis
of the two mobile robots. The dynamic evolution is similar even though the APR-2 prototype (with a
passive suspension) reduces the overall vibrations” amplitude in the normal axis, hence a reduction in
the transmission of the vibrations to the upper part of the mobile robot is expected. Tables 3 and 4 also
show the presence of some acceleration peaks in the APR-2 prototype caused by small irregularities
on the ground, although these peaks are not directly transmitted to the head of the mobile robots
(see Table 5).

Table 3. Vibration representation measured in the wheel of the APR-1 and APR-2 prototypes.
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Table 4. Vibration representation measured in the chassis of the APR-1 and APR-2 prototypes.
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Table 5 shows the vibrations” dynamic evolution measured at the head of the two mobile robots
at two velocities. In this case, the passive suspension system has reduced the overall amplitude and
peaks of the vibrations measured in all axes. The maximum amplitude of the vibrations in the APR-1
prototype (without suspension) was raised from 0.45 g for a forward velocity of 19 cm/s t0 3.97 g
for a forward velocity of 66 cm/s (~8.8 times). The vibrations’” maximum amplitude measured in the
APR-2 prototype (with passive suspension) was raised from 0.17 to 0.40 g in the same velocity range
(~2.3 times). Therefore, the vibrations’ maximum amplitude in the head of the APR-2 prototype was
lower than the minimum vibrations measured in the APR-1 prototype. Additionally, the measurements
over the longitudinal axis also showed a smooth undamped effect caused by the passive suspension
when accelerating and decelerating the APR-2 prototype.
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Table 5. Vibration representation measured at the head of the APR-1 and APR-2 prototypes.

Forward Velocity (Head Measurements)

19 (cm/s) 66 (cm/s)
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The raw data measured during the displacements has been manually divided in four different
states: repose, initial acceleration, constant speed, and deceleration (Figure 10). The data gathered by
the accelerometers while the robot is going forward at a constant speed (reference speed) has been
selected to create a histogram of the accelerations” amplitude measured during the displacement. As an
example, Figure 11 shows the histogram of the side acceleration measured at the head of APR-1 when
moving forward at a reference velocity of 55 cm/s. Figure 11 shows a typical Gaussian distribution
with a standard deviation of 0.80 g. The value of the standard deviation will be used in this paper to
compare the overall vibrations measured in both mobile robots.
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Figure 10. Raw accelerometer data obtained at the head of the APR-1 prototype when the forward
speed was fixed at 66 cm/s.
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Figure 11. Histogram of the side accelerations measured at the head of the APR-1 prototype when
moving at a constant velocity of 55 cm/s during a forward displacement.

For the sake of comparison, Tables 6-8 summarize the vibration pattern histograms obtained
from each mobile robot when moving forward at two different constant velocities (23 and 66 cm/s).
These histograms also represent a typical normal distribution. Note that, in some cases, the
Gaussian distribution is not zero centered due to small misalignments between the accelerometer axes
and gravity.
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Table 6. Vibration pattern histograms measured in the wheel of the two APR prototypes.

Forward Velocity (Wheel Measurement)
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Table 7. Vibration pattern histograms measured in the chassis of the two APR prototypes.

Forward Velocity (Chassis Measurement)
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Table 8. Vibration pattern histogram measured in the head of the two APR prototypes.
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Table 9 compares the evolution of the standard vibration deviation measured at different velocities
in the wheel, chassis, and head of the APR-1 and APR-2 mobile robot prototypes. The results show that
the vibrations on the APR-1 (without suspension) have a clear tendency to increase proportionally with
the velocity. Alternatively, the vibrations measured at the head of the APR-2 (with passive suspension)
are almost constant with a standard deviation of 0.80 g at the maximum speed. This is because in the
first prototype the wheels’ vibrations are directly transmitted and amplified due to the tower-typed
structure, reaching a maximum acceleration peak of almost 4 g at the head when moving forward at a
constant speed of 55.2 cm/s. The measurements also show that the longitudinal and side measures
at the chassis of the APR-1 are similar while there is a considerable variation between them and the
normal axis; this is mainly caused by the edge of the rollers hitting the ground during their transition,
shaking the structure along the normal axis.

The acceleration data gathered at the head of the APR-2 shows that the suspension system allows
the central structure to balance itself in a controlled way when the robot is moving at a constant velocity.
The measures obtained at the wheel of the APR-2 prototype show that the addition of flexible shock
absorbers and spring based suspensions are an effective method to minimize and stabilize the wheels’
vibrations which are almost constant and not transmitted to the tower. The rigid APR-1 prototype
cannot absorb the vibrations originating in the wheels which are directly transmitted to the chassis
and the tower of the mobile robot.

Finally, Figures 12 and 13 show the frequency spectra of the accelerations measured over the
longitudinal axis at the head of the two mobile robot prototypes in the case of moving forward at a
constant speed of 66 cm/s (Table 9—Longitudinal and Head data). Figure 12 shows that in the case
of the APR-1 prototype (without suspension), the highest peak frequencies are in a range from 10
to 300 Hz, while Figure 13 shows that in the case of the APR-2 prototype (with passive suspension),
these frequencies have overall smaller amplitudes. These spectra differences go along with the results
shown in Table 9 based on the computation of the standard deviation of the vibrations measured in
the mobile robots.
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Table 9. Comparison of the vibrations’ standard deviation measured in the APR-1 and
APR-2 prototypes.
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Figure 12. Frequency spectra of the accelerations measured over the longitudinal axis at the head of
the APR-1 prototype (without suspension).
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Figure 13. Frequency spectra of the accelerations measured over the longitudinal axis at the head of
the APR-2 prototype (with passive suspension).



Sensors 2017,17,1122 16 of 17

4. Conclusions

This paper presents the vibration pattern measurements obtained from two tower-typed mobile
robots based on a holonomic motion system. The mobile robots are both configured as Assistant
Personal Robots (APR). The first implemented prototype (APR-1) includes a rigid structure whereas
the second implemented prototype (APR-2) includes a passive suspension system. The design of the
APR-2 prototype includes flexible joints between the wheels and the chassis and between the chassis
and the tower, and also a damped arm between the chassis and the tower. This design improves
the stability as the pivot point is positioned above the center of gravity of the tower. The vibrations
have been measured in one wheel, the chassis, and the head of the tower-type mobile robots. In both
cases the omnidirectional wheels’ gap is the main vibration source. The results have shown that the
vibration amplitude measured on both mobile robots when going forward at a constant speed have
a typical Gaussian distribution that can be modelled with the value of the standard deviation, and
similar results are shown for the vibrations measured in the wheels and in the chassis of the two mobile
robots, as they use the same wheel design. Similarly, the results have shown a large reduction of the
vibration standard deviation measured in the head of the mobile robot without suspension (1.3 g) and
with the passive suspension system (0.08 g). These results represent a huge vibration reduction (1/16)
and a huge reduction of associated problems, such as the electronic devices” mechanical stress located
at the head of the mobile robots.

Acknowledgments: This work was partially funded by Indra, the University of Lleida, the RecerCaixa 2013 grant,
the Government of Catalonia (Comissionat per a Universitats i Recerca, Departament d'Innovacié, Universitats i
Empresa), and by the European Social Fund (ECO/1794/2015).

Author Contributions: ]. M., E.C., M.T.,, and D.M. designed the holonomic motion system and also designed and
performed the experiments; J.C. and J.P. supervised the experiments; ]. M., E.C., and J.P. analyzed the data and
wrote the paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fish, S. UGVs in future combat systems. Proceedings of SPIE 5422 Unmanned Ground Vehicle Technology
VI, Orlando, FL, USA, 13-15 April 2004; pp. 288-291.

2. Blitch, ].G. Artificial intelligence technologies for robot assisted urban search and rescue. Expert Syst. Appl.
1996, 11, 109-124. [CrossRef]

3.  Martinez, D.; Teixidé, M.; Font, D.; Moreno, J.; Tresanchez, M.; Marco, S.; Palacin, J. Ambient Intelligence
Application Based on Environmental Measurements Performed with an Assistant Mobile Robot. Sensors
2014, 14, 6045-6055. [CrossRef] [PubMed]

4. Wada, M.; Asada, H.H. Design and control of a variable footprint mechanism for holonomic omnidirectional
vehicles and its application to wheelchairs. IEEE Trans. Robotic. Autom. 1999, 15, 978-989. [CrossRef]

5.  United Nations. World Population Ageing 2013. Available online: http://www.un.org/
en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2013.pdf
(accessed on 15 December 2015).

6.  World Health Organization. World Report on Ageing and Health, 2015. Available online: http:/ /apps.who.
int/iris /bitstream /10665/186463/1/9789240694811_eng.pdf (accessed on 18 February 2016).

7. Clotet, E.; Martinez, D.; Moreno, J.; Tresanchez, M.; Palacin, J. Assistant Personal Robot (APR): Conception
and Application of a Tele-Operated Assisted Living Robot. Sensors 2016, 16, 610. [CrossRef] [PubMed]

8. Muir, PF; Neuman, C.P. Kinematic Modeling of Wheeled Mobile Robots; Technical Report, CMU-RETR-8612;
Carnegie Mellon University: Pittsburgh, PA, USA, 1986.

9.  West, M,; Asada, H. Design of Ball Wheel Mechanisms for Omnidirectional Vehicles with Full Mobility and
Invariant Kinematics. J. Mech. Des. 1997, 119, 153-161. [CrossRef]

10.  Blumrich, J. Omnidirectional Wheel. U.S. Patent No. 3,789,947; Patent and Trademark Office, Washington,
DC, USA, 5 February 1974.


http://dx.doi.org/10.1016/0957-4174(96)00038-3
http://dx.doi.org/10.3390/s140406045
http://www.ncbi.nlm.nih.gov/pubmed/24681671
http://dx.doi.org/10.1109/70.817663
http://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2013.pdf
http://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2013.pdf
http://apps.who.int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf
http://apps.who.int/iris/bitstream/10665/186463/1/9789240694811_eng.pdf
http://dx.doi.org/10.3390/s16050610
http://www.ncbi.nlm.nih.gov/pubmed/27136552
http://dx.doi.org/10.1115/1.2826230

Sensors 2017,17,1122 17 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ilon, B.E. Wheels for a Course Stable Selfpropelling Vehicle Movable in any Desired Direction on the Ground
or Some Other Base. U.S. Patent No. 3,876,255; Patent and Trademark Office, Washington, DC, USA,
8 April 1975.

Nagatani, K.; Tachibana, S.; Sofne, M.; Tanaka, Y. Improvement of odometry for omnidirectional vehicle
using optical flow information. In Proceedings of the 2000 IEEE/RS]J International Conference on Intelligent
Robots and Systems, Takamatsu, Japan, 31 October-5 November 2000; Volume 1, pp. 468—-473.

Bae, J.J.; Kang, N. Design Optimization of a Mecanum Wheel to Reduce Vertical Vibrations by the
Consideration of Equivalent Stiffness. Shock Vib. 2016, 2016, 8. [CrossRef]

Bradbury, H.M. Omni-Directional Transport Device. U.S. Patent No. 4,223,753; Patent and Trademark Office,
Washington, DC, USA, 23 September 1980.

Park, YK.; Lee, P.; Choi, J.K.; Byun, K.S. Analysis of factors related to vertical vibration of continuous
alternate wheels for omnidirectional mobile robots. Intell. Serv. Robot. 2016, 9, 207-216. [CrossRef]

Jo, G.J.; Ryoo, Y]. Vibration Minimization of Tower Typed 2-Wheeled Mobile Robot Using Acceleration
and Deceleration Velocity Profile Method. In Soft Computing in Advanced Robotics; Springer International
Publishing: Cham, Switzerland, 2014; pp. 45-53.

Brooks, C.A.; Iagnemma, K. Vibration-based terrain classification for planetary exploration
rovers. IEEE Trans. Robot. 2005, 21, 1185-1191. [CrossRef]

Brooks, C.; lagnemma, K.; Dubowsky, S. Vibration-based terrain analysis for mobile robots. In Proceedings
of the 2005 IEEE International Conference on Robotics and Automation, Barcelona, Spain, 18-22 April 2005;
pp- 3415-3420.

Weiss, C.; Frohlich, H.; Zell, A. Vibration-based terrain classification using support vector machines.
In Proceedings of the 2006 IEEE/RS]J International Conference on Intelligent Robots and Systems, Beijing,
China, 9-15 October 2006; pp. 4429-4434.

Vicente, A.; Liu, J.; Yang, G.Z. Surface classification based on vibration on Omni-wheel mobile base.
In Proceedings of the 2015 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS),
Hamburg, Germany, 28 September—2 October 2015; pp. 916-921.

Zhang, Y.; Zheng, R.; Shimono, K.; Kaizuka, T.; Nakano, K. Effectiveness testing of a piezoelectric energy
harvester for an automobile wheel using stochastic resonance. Sensors 2016, 16, 1727. [CrossRef] [PubMed]
De Pauw, B.; Lamberti, A.; Ertveldt, J.; Rezayat, A.; van Tichelen, K.; Vanlanduit, S.; Berghmans, F. Vibration
Monitoring Using Fiber Optic Sensors in a Lead-Bismuth Eutectic Cooled Nuclear Fuel Assembly. Sensors
2016, 16, 571. [CrossRef] [PubMed]

Xu, X.; Chen, S. Field balancing and harmonic vibration suppression in rigid AMB-rotor systems with rotor
imbalances and sensor runout. Sensors 2015, 15, 21876-21897. [CrossRef] [PubMed]

Zhan, D.; Yu, L.; Xiao, J.; Chen, T. Multi-camera and structured-light vision system (MSVS) for dynamic
high-accuracy 3D measurements of railway tunnels. Sensors 2015, 15, 8664-8684. [CrossRef] [PubMed]
Moron, C.; Garcia, A.; Ferrandez, D. New System for Measuring Impact Vibration on Floor Decking Sheets.
Sensors 2014, 15, 635-641. [CrossRef] [PubMed]

Gomez-Gil, ].; Gomez-Gil, EJ.; Martin-de-Leon, R. The influence of tractor-seat height above the ground on
lateral vibrations. Sensors 2014, 14, 19713-19730. [CrossRef] [PubMed]

Goémez, M.].; Castejon, C.; Garcia, J.C. Automatic condition monitoring system for crack detection in rotating
machinery. Reliab. Eng. Syst. Saf. 2016, 152, 239-247. [CrossRef]

Moreno, J.; Clotet, E.; Lupiafiez, R.; Tresanchez, M.; Martinez, D.; Palleja, T.; Casanovas, J.; Palacin, J. Design,
Implementation and Validation of the Three-Wheel Holonomic Motion System of the Assistant Personal
Robot (APR). Sensors 2016, 16, 1658. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1155/2016/5892784
http://dx.doi.org/10.1007/s11370-016-0196-3
http://dx.doi.org/10.1109/TRO.2005.855994
http://dx.doi.org/10.3390/s16101727
http://www.ncbi.nlm.nih.gov/pubmed/27763522
http://dx.doi.org/10.3390/s16040571
http://www.ncbi.nlm.nih.gov/pubmed/27110782
http://dx.doi.org/10.3390/s150921876
http://www.ncbi.nlm.nih.gov/pubmed/26334281
http://dx.doi.org/10.3390/s150408664
http://www.ncbi.nlm.nih.gov/pubmed/25875190
http://dx.doi.org/10.3390/s150100635
http://www.ncbi.nlm.nih.gov/pubmed/25558998
http://dx.doi.org/10.3390/s141019713
http://www.ncbi.nlm.nih.gov/pubmed/25340448
http://dx.doi.org/10.1016/j.ress.2016.03.013
http://dx.doi.org/10.3390/s16101658
http://www.ncbi.nlm.nih.gov/pubmed/27735857
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mobile Robot Prototypes 
	Profile Wheel Vibration 
	Vibration Measurement 

	Measurements 
	Conclusions 

