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Abstract: This paper proposes the design and 3D printing of a compact omnidirectional wheel
optimized to create a small series of three-wheeled omnidirectional mobile robots. The omnidirectional
wheel proposed is based on the use of free-rotating passive wheels aligned transversally to the center
of the main wheel and with a constant separation gap. This paper compares a three inner-passive
wheels design based on mass-produced parts and 3D printed elements. The inner passive wheel that
better combines weight, cost, and friction is implemented with a metallic ball bearing fitted inside a
3D printed U-grooved ring that holds a soft toric joint. The proposed design has been implemented
using acrylonitrile butadiene styrene (ABS) and tough polylactic acid (PLA) as 3D printing materials
in order to empirically compare the deformation of the weakest parts of the mechanical design.
The conclusion is that the most critical parts of the omnidirectional wheel are less prone to deformation
and show better mechanical properties if they are printed horizontally (with the axes that hold the
passive wheels oriented parallel to the build surface), with an infill density of 100% and using tough
PLA rather than ABS as a 3D printing material.

Keywords: omnidirectional wheel; 3D printing; mobile robot; PLA printing; ABS printing

1. Introduction

The development of 3D printers based on additive manufacturing (AM) has simplified the
implementation of mechanical parts of electromechanical prototypes in different fields such as robotics.
For example, Stroud et al. [1] designed and implemented a prototype of a 3D printed teen-sized
humanoid soccer robot, DeMario et al. [2] and Curkovi¢ et al. [3] developed 3D printed legged walking
robots, Chavdarov et al. [4] developed a 3D printed walking robot with the minimum number of
motors and a simple design and control system, and Joyee et al. [5] proposed, implemented and tested a
3D printed, inchworm-inspired, magnetically actuated soft robot. In this direction, this paper proposes
the implementation of an omnidirectional wheel based on 3D printing in order to promote the creation
of a small series of compact three-wheel omnidirectional mobile robots mostly based on 3D printing.

AM technologies based on extruding fused filament are commonly referred to as fused deposition
modelling (FDM) or fused filament fabrication (FFF). Both denominations describes the same underlying
technology which is based on the deposition of successive layers of fused thermoplastic filaments:
FDM was a trademark registered in 1991 by Stratasys (Eden Prairie, Minnesota, USA), the first
manufacturer of 3D printers, and FFF is an unregistered generic denomination commonly used by
other 3D printer manufacturers.

The analysis of the mechanical properties of the filaments and printing parameters used in 3D
printing has been widely reported in the literature. In general, the quality and performances of
any piece created with AM depends largely on the adequacy of the 3D printing parameters to the
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thermoplastic filament used and to the geometry of the piece [6]. The main 3D printing parameters
are: part orientation, layer height, wall thickness, nozzle diameter, infill type, infill orientation, infill
percentage and printing speed. For example, part orientation (placement of the part referred to the X,
Y and Z axes of the 3D printer) affects the surface roughness, dimensional accuracy and mechanical
strength of the part [6], the configuration of the infill also affects the lifespan of the part [7].

The most common fused filaments used in FDM/FFF 3D printing are ABS (acrylonitrile butadiene
styrene) and PLA (polylactic acid). The ABS is the reference plastic material used by industry in injection
molds and 3D printing while the PLA filament is usually considered as an easy to use biodegradable [8]
alternative to the ABS in open-source 3D printers. The use of these materials in 3D printers has been
widely discussed in the scientific literature. Domingo et al. [7] proved that the honeycomb infill has
better lifespan than the linear infill when using ABS as a printing material. Rajpurohit et al. [9-11]
proposed the analysis of the effects of the printing parameters on the tensile and flexural strength
of FDM and FFF PLA parts. One conclusion was that the mechanical properties of parts produced
by FFF technology exhibit 70-80% of the mechanical properties of parts produced by comparable
injection molding. Other conclusions were that the flexural strength was primarily influenced by layer
height, followed by raster angle, and that the tensile properties were influenced by raster angle, raster
width, and the interaction of layer height and raster width. Dong et al. [12] investigated the influence
of 3D printing parameters on the tensile strengths of PLA, determining that the material type is the
only predominant factor for maximizing all mechanical strengths. Suzuki et al. [13] evaluated the
deterioration of the mechanical properties of PLA according to the direction of forces applied to FFF
structures printed with different infill patterns, verifying that different tensile stress deterioration rates
were obtained with pieces that had different infill patterns. In a similar direction, Rodriguez et al. [14]
also analyzed the influence of printing parameters in the mechanical behavior of PLA and ABS
samples, obtaining the conclusion that the PLA was stiffer and had greater flexural strength than ABS.
This conclusion was consistent with the mechanical properties provided by the manufacturers of the
filaments compared. Another interesting conclusion of [14] was the identification of the infill density
as one of the most influencing parameters in the mechanical behavior of the samples.

The new contribution of this paper is the implementation of a compact omnidirectional wheel
using 3D printing and the empirical assessment of ABS and tough PLA as 3D printing materials in
terms of strength and resistance to deformation. The objective is the determination of the optimal 3D
filament in order to foster the implementation of small series of compact mobile robots using three
omnidirectional wheels. The description of the mechanical design, the details of the implementation
and the description of the comparative analyses have also been structured as an engaging material
in the teaching of robotics and AM to students [15]. The engaging compact implementation of an
omnidirectional mobile robot will also have an application to develop robotic personalized activities
for children with special needs [16]. Finally, the conclusions of the empirical assessment of ABS and
tough PLA as thermoplastic filaments will have application in the implementation of devices and
micro devices based on 3D printing [17].

2. Materials and Methods

The materials used in this paper to assess the implementation of a compact omnidirectional wheel
for a mobile robot are ABS and tough PLA thermoplastic filaments. Both materials are commonly used
in AM based on FDM/FFF and have been widely used by the authors with very good 3D printing results.

2.1. Acrylonitrile Butadiene Styrene (ABS) Thermoplastic Filament

The ABS thermoplastic filament used in this paper is manufactured by Stratasys (Eden Prairie,
MN, USA) under the commercial trade mark of ABSplus. This material is a high quality ABS filament
with the following mechanical properties: flexural strength of 35 MPa on samples printed upright,
flexural strength of 58 MPa on samples printed on-edge, flexural modulus of 1650 MPa on samples
printed upright, flexural modulus of 2100 MPa on samples printed on-edge and an impact resistance
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(notched Izod impact strength) of 106 J/m. The fusion of this ABS thermoplastic filament for 3D printing
requires an extruder operating at an approximate temperature of 280 °C and a closed printing chamber
with a controlled temperature of approximately 75 °C. The ABS pieces will be printed in a Stratasys
SSL 1200 es using the default printing configuration: a rectilinear infill pattern with an alternated raster
angle of +45° and layer height of 0.25 mm.

2.2. Tough PolyLactic Acid (PLA) Thermoplastic Filament

The tough PLA thermoplastic filament used in this paper is manufactured by SmartMaterials
(Alcala la Real, Jaén, Spain) under the commercial denomination of PLA 3D850. This material is a
high-quality thermoplastic filament with the following mechanical properties: flexural strength of
126 MPa, flexural modulus of 4357 MPa, and impact resistance (notched Izod impact strength) of 40 J/m.
The printing orientation of the pieces tested to obtain these cited properties is not specified, so it must
be considered that they have been obtained with samples printed on-edge, which is the most favorable
printing orientation. The fusion of this PLA thermoplastic filament for 3D printing requires an extruder
operating at an approximate temperature of 210 °C and a printing bed with a controlled temperature of
approximately 60 °C. The PLA 3D850 pieces will be printed in an open-source Printersys 325 (Algayon,
Huesca, Spain) using the default printing configuration: honeycomb infill pattern with an alternated
raster angle of +45° and layer height of 0.2 mm.

3. Omnidirectional Wheel

The omnidirectional movement based on wheels can be achieved with conventional wheels
with a rotational mechanism to change the wheels’ orientation, or with omnidirectional wheels [18].
The working principle of an omnidirectional wheel is based on providing traction in the direction
normal to the motor axis and using inner passive wheels or rollers that are free to rotate and slide in the
direction of the motor axis. The inner passive wheels or rollers are placed along the periphery of the
main wheel, allowing the spin of the main wheel and allowing perpendicular wheel displacements and
direct displacement in any direction [19,20]. Indiveri et al. [21] classified the omnidirectional wheels as
Swedish or Mecanum according to the orientation of the passive rollers, which is defined by the angle
(v) between the rolling direction of the passive wheels and the main wheel hub axis direction (typical
values are y = 45° for Mecanum and y = 0° for Swedish wheels). Moreno et al. [22] classified them
according to their implementation: free-rotation inner passive wheels, overlapping passive rollers
(also called Mecanum), alternated passive rollers, or double parallel passive rollers. Moreno et al. [22]
also summarized the motion system of an omnidirectional mobile robot depending on the element in
contact with the ground: wheels, tracks, ball-shaped wheels or legs.

The main advantage of an omnidirectional motion system applied in a mobile robot is the
high-mobility capabilities obtained to navigate in tight indoor spaces [23], being able to move in
any direction without performing intermediate rotation maneuvers. The main disadvantages are the
complexity of its kinematics [22] and control in order to follow a target trajectory.

3.1. Omnidirectional Wheel Design Used as a Reference

The design presented in this paper has been inspired by the work of Clotet et al. [24] that
describes the design and implementation of a versatile human-sized assistant personal robot (APR),
which includes a holonomic motion system with three omnidirectional wheels shifted 120° (Figure 1).
The APR prototypes have been used as a tele-operated assisted living robot [24], as a tool for automatic
supervision of environmental parameters [25], as a walk-helper application [26], as a support tool for
gas leakage localization [27], and as an experimentation tool [28]. However, the weight (38.5 kg) and
size (J55 mm x 1680 mm) of this mobile robot has limited its application as a tool to learn or teach
robotics. The design and FDM/FFF implementation of a compact omnidirectional wheel for a mobile
robot is a first step to overcome this limitation.
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Figure 1. CAD design of the assistant personal robot (APR) motion system [29]: (a) top view with the
3 omnidirectional wheels shifted 120°; (b) detail of the alternated passive rollers and roller brackets
used in the omnidirectional wheels of the APR, each roller uses two ball bearings to reduce the friction
during the rotation.

Figure 1a shows the top view of the APR motion system which is based on three omnidirectional
wheels attached to three DC (direct current) geared motors shifted 120°. These omnidirectional
wheels are based on the use of alternated passive rollers with two different sizes and shapes [22].
This optimal design reduces the gap between passive rollers and minimizes the generation of vibrations,
which have been further reduced with the development of a suspension system [29]. Figure 1b
shows a Computer-Aided Design (CAD) detail of the roller brackets, passive rollers and their links.
This implementation is optimal for a big wheel (300 mm diameter) but the application of this original
design in a compact mobile robot is limited by the size of the rollers and its ball bearings. This paper
proposes the development of thin inner passive wheels to overcome this scale down limitation.

3.2. Ommnidirectional Wheel Design

Figure 2a shows the basic design of an omnidirectional wheel based on free-rotating inner passive
wheels. Figure 2b shows the exploded view of its characteristic T-shaped piece (or T-structure) that holds
two passive wheels (instead of complex passive rollers). The main structure of the omnidirectional
wheel is its central circular part, which is attached to the motor shaft and holds the T-structure
assemblies. The T-structure is a rectangular stick which includes two axes at the end. The axes are
tilted in order to fit and properly orientate the passive wheels to the center of the omnidirectional
wheel. Each passive wheel also includes a toric joint as a soft cover to increase grip and contribute to
the absorption of impacts with the ground.
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Figure 2. CAD design of the proposed omnidirectional wheel: (a) complete wheel; (b) exploded view
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of the T-shaped piece supporting two free-rotation inner passive wheels.

The diameter of this omnidirectional wheel is correlated with the number of T-shaped pieces.
Figure 3 shows the main parameters that define the wheel structure: Rout is the total outer wheel
radius; Recenter is the wheel radius measured until the center of the axes that support the passive
wheels; Rsupport is the radius of the central part of the wheel; Jin is the inner diameter of the passive
wheel; Jext is the outer diameter of the passive wheel; Otot is the total diameter of the passive wheel
including the cover; Ww is the passive wheel width; () is the angle between two passive wheels; Ws
is the width of the T-structure; d is the distance between the stick of the T-structure and the passive
wheel; Dt is the toric joint width; Gd is the U-groove depth required to fix the cover (toric joint) to the
passive wheel; and finally, gap is the characteristic distance between wheels.

Figure 3. CAD diagram showing the parameters that define the wheel design and the distribution of
the passive rollers in the main wheel.

The gap is the linear distance between two inner passive wheels in contact with the floor. This gap
generates impact vibrations but the passive wheels includes soft plastic torics to reduce the amplitude
of these vibrations as well as to increase the grip. Figure 4 shows a representation of the gap between
two inner wheels in contact with the ground. This gap is always the same in order to generate vibration
impulses with only one main oscillation frequency.
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Figure 4. CAD diagram showing the gap between passive rollers at different positions of the wheel:
(a) the same T-shaped supporting structure; (b) consecutive T-shaped supporting structures.

The constructive features of the wheel depend on the number (N) of passive rollers, the width of
the T-shaped structure (Ws), the width of the inner wheel (Ww), the width of the toric joint (Jt), the
depth of the groove in the wheel (Gd), the diameter of the passive wheel (Jext) and the distance (d)
between the stick of the T-shaped structure and the passive wheel that is holding. The distance (d) and
the number of passive rollers (N) are restrictive factors that have a great impact in the wheel radius
and in the gap. However, the inner distance (d) must have a reasonable value in order to avoid wheel
blockage by dirt particles. Mglhave et al. [30] concluded that the dirt particles in a normal office are
usually in a size range from 1 pm to 1 mm so this inner distance (d) has been fixed to 1 mm.

The external radius of the wheel that guarantees the maximum number of passive rollers is
calculated with Equation (1):

W w
ORI

2.
Rout = ——— - Ww't n(@) + Oext + Ot—-Gd, 1)
sin(%) 2 N
and the gap is obtained with Equation (2):
1
gap = 2-Rout- sin(%). 2

The design of the passive wheel and the T-shaped structure determines the operational parameters
of the omnidirectional wheel. Examples of feasible parameter values are: passive wheel diameter
(Dext) from 10 to 14 mm, passive wheel width (Ww) from 3 to 4 mm, T-shaped structure width (Ws) of
2 mm, toric joint width (Jt) of 2.62 mm, U-groove depth (Gd) of 0.4 mm and distance (d) of 1 mm.
Figure 5 shows that the total external radius (Rout) of the complete omnidirectional wheel increases
linearly as the number of passive wheels (N) also increases. The radius of the omnidirectional wheel
(Rout) decreases approximately 2 mm when decreasing the diameter of the inner passive wheels (Jext)
2 mm (from 14 to 12 mm) while maintaining its width to 4 mm. The reduction of the total radius of
the wheel (Rout) is more significant as the number of passive rollers increases and when reducing the
diameter of the inner passive wheels (Jext) from 14 to 12 mm as well as the wheel width (Ww) from 4
to 3 mm.
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Figure 5. Relationship between number of inner passive wheels and the total external radius of the

omnidirectional wheel for three feasible passive wheel diameter and wheel width.

Figure 6 shows that the gap (gap) of the omnidirectional wheel decreases almost exponentially in
relation to the number of inner passive wheels (N). In this case, increasing the total external radius of
the omnidirectional wheel (Rout) has the effect of reducing the angle between inner passive wheels (2)
and then reducing the gap (gap). However, the value of the gap is almost constant for a number of
passive wheels higher than 20. Similar to Figure 5, the different feasible cases plotted in Figure 6 show
that the effect of reducing the wheel width (Ww) as well as its diameter (Jext) has more impact on
the gap reduction than just reducing the inner passive wheel diameter (Jext). Therefore, the general
recommendation for an optimized omnidirectional wheel design is the selection of inner passive
wheels with the minimum diameter (Jext) and the minimum width (Ww).
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Figure 6. Relationship between number of inner passive wheels and the resulting internal gap for three

feasible passive wheel diameter and wheel width.

3.3. T-Shaped Structure and Inner Passive Wheel Design and Implementation

Table 1 presents three practical alternative implementations of the T-assembly and a detail of

the omnidirectional wheel obtained with each proposal. These proposals are based on different
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combinations of commercial mass-produced parts and 3D printed parts in order to create a compact
omnidirectional wheel implementation. The pieces shown on Table 1 are made with transparent PLA
3D850 although these designs have been also implemented with ABS.

Table 1. Alternative omnidirectional wheel implementations. Design 1: metallic bearing and U-grooved
plastic with soft cover. Design 2: V-grooved bearing with soft cover. Design 3: plastic wheel.

Design Omnidirectional Wheel Implementation Inner Passive Wheel Parts

The first alternative (Table 1, Design 1) consists of a 3D printed T-shaped structure with two axes
for passive wheel attachment. In this case, the inner passive wheel is a fixed assembly of a ball bearing
with an additional U-grooved (3D printed) cover that holds a toric joint. As an example, Table 2,
Design 1 shows some feasible constructive parameters of the passive wheel when using a commonly
available ball bearing with an external diameter of 10 mm, inner diameter of 3 mm and width of 4 mm.
This design is assembled under pressure and the passive wheels rotate with almost no friction.

The second alternative (Table 1, Design 2) consists of a basic plastic T-shaped structure with
two axes. In this case, the passive roller is a commercial ball bearing with a V-groove on its outer
perimeter that directly holds the outer toric joint. V-grooved ball bearings seem to be more convenient
for the implementation presented but, unfortunately, they are less common and can be up to 6 times
more expensive than U-grooved ball bearings. As an example, Table 2, Design 2 shows some feasible
constructive parameters of the passive wheel when using a commercially available V-grooved ball
bearing with and external diameter of 12 mm, inner diameter of 3 mm and width of 4 mm. This design
is assembled under pressure and the passive wheels rotate with almost no friction.

The third alternative (Table 1, Design 3) only consists of one toric joint and 3D printed elements:
the T-shaped structure is made of a central stick structure with a tilted hole to fit two small axes, and
passive wheels are solid 3D printed cylinders with a U-groove shape in their outer perimeter to fit the
soft toric joint. This design does not include bearings, so the passive wheel cannot be fixed to the axes
as it must rotate freely. Therefore, the axes are built as separated pieces in order to provide a mechanical
lock for the wheels and allow their spin. This design has the advantage that the dimensions of the
passive wheel do not depend on standardized ball bearing elements, increasing the possibilities of
creating smaller omnidirectional wheels. However, this design also has several disadvantages. It is not
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as rigid as the previous alternatives because of the amount of clearance required for rotation between
the hole of the inner passive wheel and the axis, so inner passive wheels tend to swivel. The rotation
of the inner passive wheels has more friction than the previous alternatives due to the inexistence of
a ball bearing. As an example, Table 2, Design 3 shows some feasible constructive parameters of a
passive wheel. Assembling this design requires the adhesion of the axes to the central stick with strong
glue in a delicate time-consuming manual operation.

Table 2. Size assigned to the constructive parameters. Design 1: metallic bearing and U-grooved plastic
with soft cover. Design 2: V-grooved bearing with soft cover. Design 3: plastic wheel.

Size (mm)
Parameter N - N
Design 1 Design 2 Design 3

Passive wheel width (Ww) 4 4 4
Passive wheel outer diameter (Jext) 14 12 14
Passive wheel inner diameter (Jint) 5
U-grooved ring inner diameter 10* -
Toric joint internal diameter 9.6 9.6 9.6
Toric joint external diameter 144 14.4 14.4
Toric joint width (Jt) 2.62 2.62 2.62
U-groove depth (Gd) 0.4 - 0.4
V-groove depth (Gd) - 1.2 -
Axes diameter 3 ** 3 ** 4
Diameter of the axes end - - 3
Holes of the holding structure diameter - - 3.5
Width of the T-shaped structure (Ws) 2 2 2
Distance between the stick of the 1 1 1

T-structure and the passive wheel (d)

* Printed with an inner diameter of 10.2 mm to allow under pressure assemble of a toric joint of 9.6 mm. ** Printed
with a diameter of 2.8 mm to allow under pressure attachment in a hole of 3.0 mm.

The experience of assembling and testing these designs can be summarized as follows: Design
1 is easy to assemble and the metallic ball bearing has practically no friction during the rotation;
Design 2 is similar to Design 1 but based on a special V-grooved metallic ball bearing which has the
disadvantages of limited availability, extra weight and extra cost (1.5 times the weight and 3 times
the cost of a standard ball bearing); Design 3 has de disadvantages of poor axis alignment (due to
the manual gluing of the axes) and the existence of friction between the axes and the passive wheels.
Consequently, Design 1, based on a 3D printed U-grooved ring, a standard metallic ball bearing and a
3D printed T-shaped structure, has been selected as the optimal implementation.

3.4. T-Shaped Structure Deformation Test

This section presents an empirical assessment of the deformation of the most critical part of the
omnidirectional wheel which is located in the T-shaped structure, in the union between the central
rectangular stick and the axes that hold the inner passive wheels. This union is especially susceptible
to deformation, tensions and rupture due to its reduced dimensions and the fatigue caused by the
repeated forces generated when inner passive wheels contact with the floor. This union will be
empirically evaluated by performing repetitive deformation tests with sets of 10 T-shaped structures
3D printed using ABS (Figure 7) and PLA 3D850 (Figure 8). These test T-structures only have one axis
in order to simplify the 3D printing process of large sets of pieces.
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Figure 7. Detail of the successive layers conforming several half T-shaped structures 3D printed using
black acrylonitrile butadiene styrene (ABS): horizontal and vertical orientations and stick widths of 2
and 4 mm.

o e R R N SR

®

Figure 8. Detail of the successive layers conforming two half T-shaped structures printed
with transparent polylactic acid (PLA) 3D850 (stick width of 4 mm): (a) printed vertically;
(b) printed horizontally.

The a priori comparison of the flexural strength of the selected printing filaments shows that
PLA 3D850 should break with higher values of forces applied. The comparison of the flexural
modulus also shows that PLA 3D850 is stiffer than ABS, so ABS is expected to deform more than
PLA 3D850 with the same load applied. Finally, the Izod impact strength shows that ABS absorbs
more energy per unit of thickness than PLA 3D850 and then, ABS must be tougher than PLA 3D850.
All these expected properties can be affected by the design of the piece and the parameters of the
3D printing process [14,15] and will be empirically verified. The deformation tests will compare the
mechanical properties [7,14] of T-structures 3D printed in ABS and PLA 3D805 depending on the
printing orientation, the infill density (30% and 100% or solid) and the width of the T-structure (2 and
4 mm). In this paper the term vertical printing orientation means that the T-structure has been printed
with the axes perpendicular to the build surface (see Figures 7 and 8a) and the term horizontal printing
orientation means that the T-structure has the axes parallel to the build surface (see Figures 7 and 8b).
The images of Figures 7 and 8 show a detail of the layered structure originated by AM using FDM/FFF.

Figure 9a shows an illustrative image of the development of a deformation experiment. In this
case a passive wheel (composed by a U-grooved ring inserted over a metallic ball bearing) has been
inserted in the axis of a half T-structure. Then, the passive wheel has been fixed horizontally in
order to apply a deformation force at the end of the stick of the T-structure (see Figure 9). On the
one hand, the deformation force has been increased in discrete steps during the experiments and,
on the other hand, the reduced size of the pieces has limited the effective resolution of the angular
measurements to approximately 1.3°. The combination of both effects has generated a digitalization
step effect in the results shown in Figures 10-12. The point clouds of the different groups have been
slightly shifted in the deformation axis in order to improve the visualization and interpretation of the
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results. Finally, Figure 9b shows a sample piece that has exceeded its elastic deformation limit, a case
that is not included in the results shown in this section because then the omnidirectional wheel will

not rotate properly.

Figure 9. Experimental configuration used in the T-structure deformation test: (a) sample piece during

a test; (b) sample piece that has overcome its elastic deformation limit.
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Figure 10. Relationship between deformation and force applied to T-structures 3D printed with
ABS: (gray dot) wide piece (Ws = 4 mm) printed horizontally, (blue dot) thin piece (Ws = 2 mm)
printed horizontally, (black dot) wide piece (Ws = 4 mm) printed vertically, (magenta dot) thin piece
(Ws = 2 mm) printed vertically. The gray line is the linear regression of all pieces printed horizontally
(Ws =4 and 2 mm) and the black line of all pieces printed vertically (Ws = 4 and 2 mm).
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Figure 11. Relationship between deformation and applied force to T-structures 3D printed horizontally
with PLA 3D850 (Ws = 4 mm): (black dot) piece with a 100% infill density; (magenta dot) piece with a
30% infill density. The black line is the linear regression of all pieces printed with a 100% infill and the
magenta line of all pieces printed with a 30% infill.
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Figure 12. Relationship between deformation and force applied to thin T-structures (Ws = 2 mm):
(magenta dot) printed horizontally with a 100% infill using ABS; (black dot) printed horizontally with a
100% infill using PLA 3D850. The magenta line is the linear regression of all pieces printed with ABS
and the black line the linear regression of all pieces printed with PLA 3D850.

Figure 10 shows the relationship between the force applied and the angular deformation measured
in four different groups of T-structures 3D printed using ABS with a 100% infill (solid piece), with
different orientations and different holding structure widths (see Figure 7). The groups compared are:
(1) T-structures printed horizontally with a wide 4 mm central holding structure (Ws = 4 mm, Figure 10
gray dots); (2) T-structures printed horizontally with a thin 2 mm central holding structure (Ws = 2 mm,
Figure 10 blue dots); (3) T-structures printed vertically with a wide 4 mm central holding structure
(Ws = 4 mm, Figure 10 black dots); (4) T-structures printed vertically with a thin 2 mm central holding
structure (Ws = 2 mm, Figure 10 magenta dots). Figure 10 shows that the pieces printed vertically can
be deformed up to 10° before breaking (or reaching its maximum deformation limit) and support up to
6.5 N, whereas the pieces printed horizontally can be deformed up to 22.5° (125% more) and support up
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to 13 N (100% more). In general, Figure 10 shows a similar deformation tendency in all groups of pieces
printed vertically and horizontally regardless of the width of the T-structure. The linear regressions of
both cases show similar rates (horizontally: 1.25 °/N, vertically: 1.41 °/N) with an offset that depends
on the printing direction. Therefore, the conclusion of this experiment is that ABS T-structures printed
horizontally are less deformed and support more force. A similar conclusion has been obtained when
repeating this experiment with PLA 3D850 (Figure 8a,b). Consequently, the implementation of the
omnidirectional wheels and the next experiments will be performed with horizontally printed pieces.

Figure 11 shows the relationship between the angular deformation of the axis and the force
applied to two different groups of T-structures 3D printed horizontally using PLA 3D850 with two
infill densities: 100% and 30%, and the same width (Ws = 4 mm). Figure 11 shows that samples with
30% infill density (magenta dots) have an elastic deformation response with forces up to 9 N, while the
samples with a 100% infill density (black dots) have an elastic deformation response with 19 N (are
more deformable). The linear regressions of both cases show average sensitivities of 1.52 °/N (100%
infill) and 0.64 °/N (30% infill). Therefore, the conclusion of this experiment is that the T-structures of
PLA 3D850 printed horizontally with a 100% infill (solid piece) have higher resistance to deformation
(are less deformed and support more force). Consequently, the implementation of the omnidirectional
wheels and the next experiments will be performed with horizontally printed pieces with a 100%
infill density.

Figure 12 shows the relationship between the angular deformation of the axis and the force
applied to two different groups of T-structures printed horizontally using ABS and PLA 3D 850 with a
thin central part (Ws = 2 mm). Figure 12 shows that ABS pieces (magenta dots) are more deformable
than the PLA 3D850 ones (black dots). In this piece, ABS offers an elastic deformation response with
forces up to 11 N, whereas PLA 3D850 offers an elastic deformation response with forces up to 19 N
(72% more). These results agree with the claimed mechanical properties of both materials. The linear
regression of both cases show average sensitivities of 1.34 °/N for the ABS (magenta line) and 0.96° /N
for the PLA 3D850 (black line).

Therefore, the final conclusion of this experimental section is that PLA 3D850 T-structures printed
in horizontal orientation, with a 100% infill density (solid piece), and a width of 2 mm have higher
resistance to deformation (are less deformed and support more force). This conclusion agrees with
Rodriguez et al. [14] that concluded that the PLA was stiffer and had greater flexural strength than
ABS when analyzing the influence of printing parameters in the mechanical behavior of PLA and ABS
samples. Consequently, PLA 3D850 is the most adequate printing material to implement the compact
omnidirectional wheel proposed in this paper. Another interesting experimental conclusion is that
the width of the T-structure has no influence on the deformation of the axis that supports the passive
wheels. The use of a small width in the T-structures has the advantages of reducing the gap between
the inner passive wheels, reducing the time between impacts, and the amplitude of the vibrations
generated by these impacts [29].

3.5. Complete Omnidirectional Wheel Implementation

Figure 13a shows an application example of the final design of the complete omnidirectional wheel
proposed in this paper. The central structure also includes a connection for the shaft of a small motor.
After some practical usage tests, the attachment between the T-structures and the central structure
(Figure 13b) has been modified to include a cylindrical feature in order to block the radial displacement
and to improve the mechanical fixation between the T-structures and the central structure.
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(a) (b)

Figure 13. Detail of the omnidirectional wheel design: (a) complete CAD representation; (b) detail of
the central structure of the wheel made in PLA 3D850 with a honeycomb infill density of 10%.

A feasible value of the diameter of a compact omnidirectional wheel can be around 120 mm so,
according to this limitation, the number of passive rollers must be 30 (N = 30) and then the resulting
gap between passive wheels is 11.3609 mm (gap = 11.3609 mm) and the final wheel radius is 54.38 mm
(Rout = 54.38 mm). The total weight of a complete omnidirectional wheel using PLA 3D850, mechanical
ball bearings and toric joints is 86.78 g, see Table 2, Design 1 to obtain other implementation details.
The assembling of a complete omnidirectional wheel involves attachment under pressure between
the U-grooved rings and the metallic ball bearings and between the T-structures and the central part
of the wheel (Figure 13b). This screw-less design allows fast part replacement in the case of failure
or rupture, but requires an accurate definition of the 3D printing tolerances, which may require fine
adjustment depending on the 3D printer used. For example, in this application example the diameter
of the insertion holes in the central wheel was 5.4 mm, the diameter of the equivalent blocking cylinder
in the T-Structures was 5.0 mm; the width of the stick of the T-structures was 2.0 mm and the width of
the equivalent insertion in the central wheel was 2.2 mm.

Figure 14 shows a first demonstrative mobile robot implementation. The mobile robot consists of
a support structure with a radius of 115 mm and a width of 4 mm, printed with standard red PLA
with a honeycomb infill density of 10% and a total weight of 82.29 g. This support structure holds a
Discovery 3TM32F7 control board (130 mm high and 80 mm wide), two 5V, 1500 mAh power banks,
three low-cost geared DC motors (also known as Arduino motor: voltage range 3—6 VDC, gear 1:48,
100 rpm at 6 VDC and 22.3 mm wide, 65 mm high and 19 mm depth) and three omnidirectional wheels.
This mobile robot prototype has a diameter of 330 mm and a total weight of 422 g, defining a compact,
portable and low-cost omnidirectional mobile robot suitable for its application as an engaging material
in the teaching of robotics and 3D printing to students. The results of the first qualitative usage tests
have confirmed the expected omnidirectional trajectory capabilities of the omnidirectional wheels.
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Figure 14. Top view prototype implementation of a compact mobile robot based on the omnidirectional
wheel design proposed in this paper.

4. Conclusions

This paper proposes the design and implementation of a compact omnidirectional wheel based
on FDM/FFF and the assessment of ABS and tough PLA as 3D printing materials. The design of the
proposed omnidirectional wheel is based on the use of free-rotating passive wheels aligned transversally
to the center of the main wheel and with a constant separation gap. The passive wheels are externally
covered with a toric joint used as a soft ring that increases grip and absorbs impacts. Three inner passive
wheel design alternatives have been proposed and compared: combining a 3D printed U-grooved
ring and a metallic ball bearing, using only a fully metallic V-grooved ball bearing as a passive wheel,
and using 3D printed passive wheels (without any metallic ball bearing). The conclusion was that the
combined use of a 3D printed U-grooved ring and a metallic ball bearing demonstrated easy assembly,
low-cost and low friction during the rotation. The conclusion of the assessment of ABS and tough PLA
as 3D printing materials was that the most critical parts of the proposed omnidirectional wheel were
less prone to deformation and showed better mechanical properties if they were printed horizontally
(with the axes parallel to the build surface), using tough PLA (PLA 3D850) with an infill density of
100% (using a solid piece).

The proposed omnidirectional wheel design has been applied to develop a basic implementation
of a compact and portable mobile robot. Future works will be focused on the development of a compact
educational mobile robot, in the evaluation of the lifespan of the omnidirectional wheels implemented
with tough PLA [7], and in the assessment of other thermoplastic filaments [31].
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