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Abstract: This paper presents the mechanical design, fabrication, and performance evaluation of a BallBot, a self-balancing
mobile robot that moves on a single spherical ball. The objective is to develop a compact, stable, and omnidirectional platform
capable of carrying a 50 N payload while maintaining dynamic stability on both flat and inclined surfaces. The robot is driven
by three omni-wheel motor modules, each mounted at a 45° angle to the ball's surface, enabling precise motion control. A
novel support frame with an integrated spring damping mechanism ensures consistent ball contact and reduces structural
vibrations. Additionally, a spring-based ball return system with roller-assisted contact reduces friction and improves
positional accuracy during movement. Experimental results indicate that while the BallBot achieves a velocity of ~0.49 m/s
under no load, performance degrades significantly under higher payloads, with complete mobility loss beyond 30 N. The
findings highlight the design’s effectiveness under light loads and suggest further improvements in torque output and control
strategies for enhanced load-carrying capabilities.
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1. INTRODUCTION

In recent years, advancements in robotics have led to the emergence of novel mobile platforms that offer enhanced
agility, compactness, and versatility [ 1-8]. Among these, the BallBot stands out as a unique robotic system capable
of balancing and maneuvering atop a single spherical ball [9-15]. This configuration allows for omnidirectional
movement in tight spaces without the need to reorient the robot's body, making it an ideal solution for navigation
in constrained or dynamic environments.

The BallBot's mechanical design presents a distinct set of engineering challenges. Unlike conventional wheeled
robots, BallBot requires a precisely balanced and symmetrical structure, as well as a mechanically robust support
system capable of maintaining stability on a constantly moving spherical surface [16-20]. The core of the system
consists of a multi-tiered robot frame mounted above a ball, with motion generated through the coordinated
actuation of three omni wheels, each driven by an individual motor and positioned at 45° relative to the horizontal
plane. This geometric arrangement must be carefully designed to ensure optimal contact with the ball, efficient
transmission of driving force, and minimal structural vibration.

To meet these demands, this project focuses on the mechanical design and fabrication of a BallBot prototype,
including critical subsystems such as the motor mount assembly, support frame, spring-damped base, and a ball
return mechanism. Emphasis is placed on achieving a balance between structural rigidity, weight distribution,
manufacturability, and modularity. Special attention is given to minimizing friction at the ball contact points,
ensuring precise alignment of components, and enabling mechanical adjustability to improve reliability under
varying loads and surfaces.

By addressing these mechanical aspects in depth, the study aims to lay a solid foundation for future developments
in control algorithm integration, sensor fusion, and real-world deployment. The resulting BallBot platform not
only demonstrates innovative mechanical engineering but also serves as a versatile testbed for further research in
autonomous balancing robotics.
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2. DESIGN REQUIREMENTS AND SYSTEM OVERVIEW

2.1. Design objectives

The objective is to design and fabricate a BallBot model capable of traversing a flat surface and an inclined plane
at an inclination of less than 20 degrees, while carrying a weight of less than 50N. The Robot's structural system
comprises a sphere with a diameter of 240 mm, and the total height of the Robot's frame is 600 mm, as illustrated
in Figure 1.

Fig. 1. Initial BallBot prototype model Fig. 2. Ballbot frame

Figure 2 describes the structure of the robot frame, consisting of 3 floors: the first floor (base) is designed to be
assembled with connecting legs, the second floor is where the control devices, batteries, sensors, etc. are arranged,
and the third floor is designed to place heavy objects.

2.2.Mechanical Design

2.2.1. Motor Mount Design

Design Requirements and Functional Considerations: The motor mount is a critical intermediate component in
the BallBot system, serving to mechanically connect the drive motor to both the omni-wheel and the upper
structural frame. The mount must satisfy several essential functional requirements to ensure reliable system
performance. First, the design must precisely maintain a 45-degree tilt angle between the motor axis and the
bottom reference plane. This orientation ensures that the contact interface between the omni-wheel and the surface
of the spherical ball is tangential, which is necessary for efficient and stable motion transmission. Second, the
mount must provide a rigid and mechanically robust structure capable of supporting an external static load of 50
N, representing the downward force from the upper frame and any onboard components. This load-bearing
requirement was addressed through the inclusion of reinforcement ribs in the final design, as well as optimized
material thicknesses to resist bending and shear stresses. Furthermore, precise alignment features were integrated
into the design to maintain the integrity of the 45-degree mounting angle during both fabrication and assembly.
The final geometry thus balances spatial constraints, manufacturability, and mechanical performance, ensuring
the motor operates at the correct orientation while maintaining structural stability under loading.

The design of the engine mount, as shown in Figure 3, introduces several enhancements over the initial concept
to improve mechanical strength and stability. Most notably, structural reinforcement ribs have been added along
the inclined face. These ribs significantly increase the mount’s stiffness, particularly under dynamic loading
conditions such as torque fluctuations or vibrations from motor operation. The upper surface retains bolt holes to
ensure secure fastening to the chassis, maintaining compatibility with the modular frame design. The geometry
of the bracket remains compact and optimized for manufacturing, while the additional ribs reduce flexing and
extend the fatigue life of the mount under repeated use. These modifications were made in response to preliminary
testing, which indicated slight deformation in the original mount during motor acceleration. The final design,
therefore, balances material usage, manufacturability (via 3D printing or machining), and mechanical robustness,
making it well-suited for integration into the BallBot's spherical drive system.
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Fig. 3. The design of the engine motor mount
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Fig. 4. Mounting Position of the Motor Assembly

Figure 4 above illustrates the mounting configuration of the motor assembly in the BallBot system, highlighting
the integration between the connector bracket, motor, and the upper structural frame. The connector arm, which
corresponds to the previously optimized motor mount, is rigidly fastened to the bottom surface of the top plate
via pre-drilled bolt holes. This mounting configuration establishes a fixed 45-degree tilt angle between the motor
axis and the horizontal plane, aligning the omni-wheel tangentially with the surface of the spherical ball. Such an
orientation is critical for ensuring efficient and stable force transfer from the motor to the ball during
omnidirectional movement. The bracket’s geometry, including reinforcement ribs and precise bolt positioning, is
specifically designed to maintain this alignment under both static and dynamic loading. Additionally, the overall
layout minimizes spatial interference with neighboring components, allowing a symmetrical and balanced
distribution of multiple motor assemblies around the BallBot's lower shell.

2.2.2. Design of support frame

The support frame is engineered to encase the BallBot’s spherical drive unit with a clearance of approximately
15-20 mm, allowing sufficient freedom for the ball to rotate in all directions while ensuring protection and
structural stability. A circular base ring surrounds the ball near ground level, serving both as a space-saving
constraint and a weight-distribution mechanism, effectively lowering the BallBot's center of gravity. This
configuration significantly enhances the robot’s dynamic stability during operation by keeping the center of mass
below the upper chassis. Additionally, the external frame provides a protective barrier for sensitive components
mounted on the robot, reducing the risk of damage during assembly, testing, and operation.

The support structure is mechanically connected to the base of the main chassis through three equally spaced
connecting bars, arranged at 120-degree intervals. These bars are custom-designed to match the curvature and
diameter of the spherical ball, ensuring a secure fit and maintaining overall alignment. The material selected for
the frame is mica-coated steel, which offers a good balance between mechanical strength and machinability. The
individual bars are assembled using M4 bolts and nuts, with 520 mm hollow spacers inserted between the
joints to maintain precise inter-bar spacing as per the design specification. This modular approach enables ease
of manufacturing, assembly, and disassembly, while preserving the structural integrity required for reliable
BallBot performance.
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Fig. 5. Support Frame Design

The support frame forms the structural backbone of the BallBot and is responsible for maintaining mechanical
integrity, precise alignment of components, and protecting the internal spherical drive mechanism. As shown in
Figure 5, the frame consists of curved vertical struts attached to both a top circular mounting plate and a lower
stabilizing ring. These struts are symmetrically distributed to provide balanced load support while allowing
sufficient clearance for the spherical ball housed within the structure. The assembled configuration, shown on the
right, demonstrates how the omni-wheel motor modules are mounted at a 45-degree angle toward the ball’s
surface using precision engineered brackets. The frame's open design ensures minimal weight while preserving
rigidity, and its circular footprint accommodates uniform force distribution during omnidirectional motion. This
modular frame can be fabricated using laser-cut aluminum or acrylic sheets fastened with screws, facilitating ease
of assembly, maintenance, and future modifications.

To reduce friction during movement, a roller system (Figure 6) was integrated into the support structure. This
system includes six evenly spaced rollers at 60° intervals around a ring-shaped frame, allowing the robot's load
to be distributed evenly for smoother operation.

However, during the design phase, it was found that the distance from the main frame base to the ground was
sensitive to variations in ball surface tension, causing misalignment between the motor and ball, and leading to
improper contact of the omni-wheels. These deviations, if repeated, reduced the system’s stability and
contradicted the original design calculations.

Fig. 6. Bolt-Spring Alignment Unit

To address this, a spring system was added beneath the support frame. This addition allows adjustment of the
frame height, improving contact consistency and enabling the BallBot to operate more reliably, even on slightly
uneven surfaces. The final optimized support design is illustrated in Figure 6

Spring Stiffness Calculation and Installation Adjustment

To ensure proper load distribution and ground contact for the support system, a spring-based damping mechanism
was incorporated beneath the support frame. The design requires the system to support a total load of 5 kg,
distributed equally across six springs, with a maximum allowable compression (displacement) of 10—15 mm.
The force acting on each spring is calculated as:

F=Z=833N ()
Using Hooke’s Law, the required spring stiffness KKK is:

F
K=--=5555N/m ()
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A spring length of 30-35 mm is selected to provide sufficient preload and installation tolerance. During assembly,
the mounting bolts are adjusted to ensure that the support structure makes uniform contact with the ground,
helping to stabilize the system and prevent uneven wheel contact. This configuration improves overall
performance and helps the BallBot operate more stably across variable surfaces.

Start by choosing a spring index C= D/d; a typical, manufacturable spring index is C= 8.

For a round wire helical compression spring:

Ga*
- 8D3N (3)

where: G= 80. 10° Pa, d= lmm and then N= 3.55.

Shear stress in spring is:
8FDK
T= 4
md3 ( )
4C-1 | 0.615

where: K = — +—
4C—4 c

For C=8, K =1.25, and then 7 =208 MPa.

The selected spring is designed to meet both the static load and dynamic operational requirements of the BallBot’s
support system. With a calculated stiffness of 550 N/m, a wire diameter of 1.0 mm, and a mean coil diameter of
8.0 mm, the resulting maximum shear stress under full compression is approximately 208 MPa, which is well
below the typical endurance limit for music wire (= 340—400 MPa in fatigue for repeated loading). This ensures
the spring operates safely within the elastic range and does not approach yielding or fatigue failure under normal
conditions. The spring features a spring index (C) of 8, which balances manufacturability and stress concentration,
contributing to long service life. In addition, the number of working coils (=3.5) and moderate deflection (15 mm)
minimize stress fluctuations during repeated compressions, improving fatigue resistance. Overall, the spring
design provides adequate strength, elasticity, and durability for continuous operation in the robot’s support
system.

2.2.3. Ball Return System Design

The BallBot achieves balance and motion through the coordinated control of its three omni-wheels. However,
due to the nature of omni-wheel mechanics, the resultant forces applied to the ball are not always symmetric or
self-canceling. During certain maneuvers or uneven weight distribution, the forces transmitted from the wheels
can cause the ball to deviate from its ideal central position. This displacement results in undesired shifts in the
robot's center of mass, potentially leading to operational instability or inaccurate response from the control
system.

To mitigate this issue, the design team implemented a passive ball return mechanism, consisting of three spring-
loaded return units evenly distributed at 120-degree intervals along the lower support frame (as shown in Figure
7). These units exert a gentle, centering force on the ball whenever it deviates from the neutral position, ensuring
that the ball naturally returns to its calibrated center when external driving forces are reduced. The spring tension
is carefully selected to be strong enough to correct positional drift without interfering with the robot’s dynamic
balancing functions. This addition improves the operational stability, repeatability, and responsiveness of the
BallBot during both movement and idle states.

The ball return system operates based on the elastic restoring force of compression springs, which are used to
reposition the ball to its neutral center. The design includes three identical return units, each consisting of a spring,
a base, and a push plate. These units are symmetrically positioned at 120-degree intervals around the lower
perimeter of the support frame, ensuring uniform force application. When the ball deviates from its central
position due to uneven forces from the omni-wheels, the push plates apply a restoring force directed along the
vertical axis of the ball. This configuration ensures that the restoring forces are balanced and radially symmetric,
helping the ball return to its optimal central position without interfering with its intended motion. As a result, the
system improves the positional accuracy and stability of the BallBot, particularly during transient motion states
or in the presence of external disturbances.

Since the restoring force from the return system acts on the ball through the push plates, an inherent friction force
arises at the contact surface between the push plate and the ball. This friction, if unaddressed, can lead to energy
losses, increased wear, and reduced responsiveness of the ball centering mechanism. To optimize system
performance and ensure smooth operation, it is critical to minimize this contact friction. To address this, the
design incorporates a roller mechanism at the interface between each push plate and the surface of the ball. These
miniature rollers, mounted directly on the push plate surface, allow the contact point to roll rather than slide across
the spherical surface. This effectively reduces frictional resistance, enhances the responsiveness of the return
force, and minimizes mechanical wear. The addition of this roller interface significantly improves the efficiency
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and durability of the return system, contributing to the overall stability, precision, and longevity of the BallBot's
balancing performance.

Fig. 8. Robot: The final 3D design of the BallBot

The final 3D design of the BallBot, shown in Figure 8, integrates all major structural and functional components
in a compact and modular layout. The robot features a three-level upper frame supported by vertical columns,
providing mounting space for control electronics, sensors, and batteries. The core of the robot consists of a
spherical balancing ball, driven by three omni-wheel assemblies positioned at 120° intervals and inclined at 45°
angles to the base plane. These wheels enable omnidirectional motion and precise control of the robot’s
orientation. To maintain central alignment of the ball during movement, the design includes a spring-based return
mechanism, which incorporates rollers at the ball-push plate interface to reduce friction and improve
responsiveness. Additionally, the support platform includes caster wheels for passive rolling and spring-damped
mounting bolts to ensure consistent ground contact. This comprehensive mechanical configuration ensures that
the BallBot achieves high stability, re-centering accuracy, and adaptability for future control and automation
integration.

3. RESULTS AND DISCUSSION

The completed BallBot prototype, as shown in Figure 9, closely follows the finalized 3D design and demonstrates
successful translation from digital model to physical assembly. The structure features a three-tier modular frame
fabricated from laser-cut MDF sheets, with vertical standoffs ensuring structural rigidity and accessibility. The
robot's core balance is maintained using a spherical ball, supported by three omni wheel modules arranged
symmetrically around the ball’s equator. Each module includes a motorized omni wheel positioned at 45°, driven
by a DC motor for omnidirectional control. The upper layers host key electronic components, including a
microcontroller, motor driver modules, and a lithium battery pack. The lower base integrates spring-loaded
brackets, which stabilize the frame and ensure uniform contact with the ball. The final assembly validates the
effectiveness of the mechanical design, modularity for maintenance, and readiness for control algorithm
deployment and real-world testing.
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Fig. 9. The completed BallBot prototype Fig. 10. Trajectory Test: Straight-Line Motion
Figure 10 illustrates the BallBot’s trajectory during a test where it was commanded to move forward in a straight
line five consecutive times. The resulting paths were marked on the ground to evaluate the robot’s directional
stability and motion repeatability. While the robot was able to maintain a generally straight trajectory, deviations
between the runs are noticeable, with some paths exhibiting lateral drift. These deviations are likely attributed to
asymmetrical motor response, wheel slip, ball surface irregularities, or uneven ground contact pressure.
Additionally, the passive return system may introduce slight restoring forces that affect directional consistency
during low-speed movement. Despite these variations, the robot demonstrated a repeatable tendency to follow
forward motion, validating the effectiveness of the omni-wheel drive configuration and structural balance. Further
improvements in motor control algorithms, wheel calibration, and PID tuning are expected to enhance linear
trajectory precision in future iterations.

The initial design objective of the BallBot was to sustain a load of 50 N while maintaining a stable velocity of
0.5 m/s. Table 1 presents the experimentally measured average velocities for load levels ranging from 0 N to SO N,
tested over five trials per load. The results indicate that while the BallBot was able to achieve the target speed
under no load (mean velocity = 0.49 m/s), its performance declined progressively with increasing load. At 10N,
the average velocity dropped to 0.42 m/s, and by 30 N, the system only achieved 0.12 m/s, indicating a 75%
reduction from its unloaded performance. Notably, the robot could not move at all under 40 N and 50 N, as
reflected by the recorded zero velocities in all trials. These findings suggest that while the system performs
reliably under light to moderate loads, its drive torque, traction, or power delivery is insufficient for heavier
payloads. This highlights the need for future enhancements in motor torque capacity, power-to-weight ratio, and
control optimization to meet the original load-carrying specification.

Table 1. Maximum speed of BallBot when running with load

No Load 10N 20N 30N 40N S0N
1 0.504 0.4432 0.2215 0.1512 0 0
2 0.496 0.4121 0.2121 0.1132 0 0
3 0.5143 0.4528 0.1514 0.1245 0 0
4 0.4814 0.3842 0.1853 0.0915 0 0
5 0.4524 0.4212 0.1742 0.124 0 0
Average 0.48962 0.4227 0.1889 0.12148 0 0

To evaluate the BallBot’s baseline performance on inclined terrain, a series of tests was conducted with no load
applied to the robot. As shown in Table 2, five test runs were recorded, yielding velocities ranging from
0.4524 m/s to 0.5143 m/s, with an average of approximately 0.4896 m/s. This result is consistent with the original
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design goal of achieving 0.5 m/s under nominal conditions. The BallBot successfully maintained straight-line
motion with minimal deviation, demonstrating good balance and effective omni-wheel drive coordination on a
sloped surface. These results confirm that, in the absence of external loading, the mechanical design and drive
configuration are sufficient to achieve stable and near-target velocity performance, even on inclined terrain.

Table 2. Maximum speed of BallBot when running on an inclined plane without a load

Angle 0 10 20 30

1 0.504 0.4512 0.4412 0.315
2 0.496 0.4224 04117 0.3274
3 0.5143 0.4327 0.4578 0.3457
4 0.4814 0.4787 0.4283 0.3164
5 0.4524 0.4601 0.4617 0.2978

Average 0.48962 0.45 0.44014 0.32046

4. CONCLUSIONS

In this study, a complete mechanical design and prototype of a BallBot system were developed, focusing on
stability, structural rigidity, and efficient integration of drive and support components. The robot was engineered
to move using three omni-wheel modules mounted at 45° angles on a spherical balancing ball. To enhance
stability and protect internal components, the design incorporated a robust support frame, a spring-damping
platform, and a friction-minimizing ball return system. The spring-loaded components were carefully calculated
to ensure mechanical durability, load capacity, and responsiveness.

Experimental results confirmed that the BallBot operates effectively at low payloads and achieves near-target
speeds under unloaded and inclined conditions. However, when subjected to loads approaching the design limit
of 50N, the robot exhibited a sharp decline in mobility, with full motion failure observed at 40-50 N. These
findings demonstrate that while the system is mechanically stable and modular, its current drive configuration
lacks the torque required for high-load operation.

In future work, efforts will focus on improving the robot’s actuation system by integrating higher torque motors
and optimizing the power-to-weight ratio. Control algorithm refinement, including PID tuning and dynamic
feedback adaptation, will be pursued to improve trajectory accuracy and stability under varying load conditions.
Additional work will also explore the integration of onboard sensors and closed-loop balancing algorithms, as
well as testing in more complex environments to evaluate real-world performance and expand the robot’s practical
applications.
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