2024 |IEEE International Conference on Robotics and Automation (ICRA 2024)

May 13-17, 2024. Yokohama, Japan

Flexible Omnidirectional Driving Gear Mechanism with Adaptation
over Arbitrary Curvatures
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Abstract— A support structure for flexible displays such as
OLED or flexible LEDs was developed using the flexible omni-
directional driving gear mechanism. It is a gear mechanism hav-
ing two degrees of freedom on one surface. This flexible display
mechanism is expected to be placed inside a car dashboard as a
human interface and for workspace optimization. In this study,
we propose a novel flexible omnidirectional driving gear for
supporting flexible displays discussing its design, motion range,
repeatability, positional accuracy, and adaptability to any guide
surface through magnetic coupling. The experiments showed
satisfactory results for positional accuracy and repeatability
with adaptability over a wide range of curvatures.

I. INTRODUCTION

The emergence of flexible display technology [1], [2],
[3] represents a paradigm shift in the world of electronic
devices. Unlike their rigid counterparts, flexible displays
have the remarkable ability to bend, curve, and adapt to
different surfaces. The design of support structures for flexi-
ble displays is highly intricate especially achieving the right
balance between structural integrity and flexibility can be
challenging. Several existing technologies include curved
and foldable hinges for foldable smartphones [4], [5] and
watches [6] where hinges are designed to allow folding
and unfolding of flexible displays. However, continuous
folding of a particular section over time leads to durability
concerns. Rollable mechanisms [7], [8], [9] enable displays
to be rolled up for compact storage or transportation, but
the display becomes stiffer during operation, particularly
when unrolled or extended. Sliding supports [10], [11], [12]
were used to allow the display to adapt to specific tasks
and body movements. Support structures are also fabricated
from 3D printing [13], [14] and additive manufacturing with
complex and customized support structures tailored to the
shape and requirements of the flexible display. While these
support structures are essential for maintaining the integrity
of flexible displays, they still limit the degree of flexibility
that the device can achieve. The current technologies do not
effectively utilize the flexibility of the display devices during
its dynamic operation. Mostly the flexibility of the mecha-
nism relies on the display and the support mechanism itself
is rigid. In this study, we propose a flexible omnidirectional
driving gear mechanism as a support structure for flexible
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Fig. 1. Omnidirectional gear based support structure for flexible displays

Fig. 2. Concept of omnidirectional driving gear

display, providing structural rigidity while maintaining its
flexibility throughout the operation as shown in Fig. 1. The
idea of bending gears is not new [15], [16], [17]. However,
using a flexible omnidirectional driving gear mechanism
imparts two degrees of freedom motion possible on a single
surface making the overall system small and compact.

The omnidirectional driving gear mechanism [18], [19],
[20], [21] is composed of two spur gears and a planar
gear engraved with two perpendicular racks as shown in
Fig. 2. Input from the X-axis drive gear passively moves
the omnidirectional driving gear in the X-axis direction,
during which the Y-axis drive gear slides between the teeth.
The same applies to input from the Y-axis gear. The output
obtained by simultaneous input from the X and Y-axis drive
gears can be derived by combining vectors. The basic idea of
flexible omnidirectional driving gear mechanism was intro-
duced previously [22]. In this study, we focus on developing
a prototype of omnidirectional gear mechanism for flexible
display discussing its mechanical design, adaptability across
different curvatures, positional accuracy experiments, and
material selection. The drive unit was fixed and the flexible



Fig. 3. Concept of flexible display in car dashboard

Fig. 4. Basic design of the flexible omnidirectional driving gear mechanism

gear was driven over arbitrary curvatures. The developed
mechanism can be incorporated in a car dashboard, en-
hancing human interaction and optimizing workspace with
storage beneath the display as shown in Fig. 3. Alternatively,
it can serve as a movable, flexible display for interactive
art and entertainment, providing a tactile engagement with
digital art and functioning as a haptic device for VR.

This article introduces a novel flexible omnidirectional
gear based support structure for display devices. Section II
describes the design and control theory. Section III exper-
imentally verifies the characteristics of the mechanism and
discusses its potential applications. Section IV concludes the
article. Section V is acknowledgement.

II. FLEXIBLE OMNIDIRECTIONAL DRIVING GEAR
MECHANISM

A. Design of flexible omnidirectional driving mechanism

The motivation for the development of flexible omni-
directional driving gear mechanism was to increase the
adaptability of the omnidirectional driving gear mechanism
for different surfaces. The design challenges were the de-
velopment of a flexible guide rail and roller mechanism,
and a support for the flexible gear. Fig. 4 shows the basic
design of the mechanism. The flexible components include
omnidirectional driving gear and guide rails. The flexible
omnidirectional gear of the mechanism was 3D printed
from flexible TPU 95A (Thermoplastic polyurethane). The
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Fig. 5. Mechanism for constant clearance between the gears

Fig. 6. Load distribution and magnetic coupling of the flexible omnidirec-
tional gear mechanism to the base guide

guide rail was fabricated from Flexible 50A resin using
the FormLabs Form 3 printer. The flexible omnidirectional
driving gear is secured within a 3D-printed (PLA) support
frame with passive hinges fastened by M2 bolts. This frame
incorporates two neodymium magnets and ball casters on
each end as shown in Fig. 4.

The flexible omnidirectional driving gear and guide rail
is fixed to one end of the support frame and the other end
is free to slide, to account for change in curvature during
bending. The flexible gear can be deformed passively to
form any arbitrary curvatures supported by the 3D printed
backbone. Flexible gears suffers from variations in geometric
pitch when bending. Hence, appropriate passive roller unit as
shown in Fig. 5 that can travel freely along the flexible rails
was designed and incorporated. The design favors a constant
clearance and geometric pitch between the mating gears.

A thin metal or ferromagnetic sheet is fixed on the base
guide frame. The support frame supporting the flexible gear
adheres to the guide surface through magnetic coupling
as shown in Fig. 6. When the curvature of guide surface
changes, the gear remains magnetically coupled, enabling
adaptation to various curvatures. The strength of magnetic
coupling affects the bending capability which depends on
strength of magnets, type of metal/ferromagnetic sheet, and
the space between them. When a load is placed on the
mechanism, majority of the load is distributed to the base
guide via the ball casters. A fraction of the load taken by
the passive guide rollers is transmitted to the base via motor
support frame with load distribution depicted in Fig 6.

A DC geared motor (Pololu 1000:1, brushed DC motor)
with hall sensor-based encoder drives the flexible gear in both
X and Y axes. Motor supports and drive gears are fabricated



Fig. 7. Fabricated drive unit

(a) Flexible omnidirectional driving gear  (b) Assembled mechanism

Fig. 8. Fabricated omnidirectional driving gear mechanism

from Draft resin using the Formlabs Form 3 printer. When
X-axis spur gear is rotated, the flexible gear moves under the
influence of passive rotation from the roller unit to achieve X
displacement. When Y-axis spur gear is rotated, the flexible
gear slides along the Y-axis linear guide for Y displacement.
Combining X and Y-axis motions by activating both spur
gears enables 2-DOF motion on a single surface. This single
surface omnidirectional mechanism makes the overall system
small and compact. The module of the gears was 1.5mm and
the dimensions of the flexible gear are 150x70x4mm, where
4mm is the pitch height of the gear. Design parameters like
module and number of rack teeth were constrained by the
size of flexible display to be fixed on the mechanism but
can be scaled up or down for different applications. Fig. 7
shows the fabricated drive unit and Fig. 8 shows the actual
fabricated prototype of flexible omnidirectional driving gear
mechanism. The prototype weighed approximately 200g. To
achieve high positional accuracy and minimize backlash, the
mechanism was driven with theoretical pitch circle distance.

Teensy 3.5 microcontroller and two TA7291P Toshiba
motor drivers control the X and Y-axis drive motors. The
omnidirectional gear is actuated via a 2-axis joystick or
through serial communication between PC and Teensy 3.5.
Limit conditions are defined based on the X and Y-axis
motion range, with motion controlled by feedback from the
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Fig. 9. Experimental setup for measuring sliding friction between the gears

Fig. 10. Sliding frictional force between gears for different materials

motor’s encoder. To drive the flexible omnidirectional gear
along different trajectories, the instantaneous position P(x,y)
is derived and the equation converting this position to motor
angle 6 is given by

P(z).2m

TMZ;

(X-axis motor)
0;

(1)

P(y).2mw

™Mz,

(Y-axis motor)

where m is the module, z is the number of teeth on the
spur gear and i = X, y.

III. EXPERIMENTS

A. Experiment to measure the sliding frictional resistance

Three materials- TPU 95A, Flexible 80A, and Flexible
50A- were tested for suitability as flexible omnidirectional
gears. During gear movement, at least one spur gear contin-
ually slides between the flexible gear teeth. Hence, choos-
ing a material with minimal sliding frictional resistance
is crucial for smooth operation and reduced motor power.
Fig. 9 illustrates the experimental setup for quantitatively
measuring sliding frictional resistance between the spur gear
and flexible gear [23]. A constant pressing force is applied
along the Y-axis using the attached dead weight.

The experimental setup consisted of a force gauge (FGPX-
0.5, Nidec SHIMPO) fixed on the moving platform of a linear
stage motion guide actuator driven by a NEMA 17 (14HS17-
0504S) stepper motor. An inextensible string was connected
between the drive unit and the force gauge. The force gauge,
displaced at 1.5mm/s, passively moved the drive unit along
the Y-axis under external weights. The force readings were
recorded and indicate the sliding frictional force between



Fig. 11. Experimental setup for position tracking

Fig. 12. Sequential motion of the omnidirectional gear mechanism with
tracking markers along rectangular trajectory

the spur gear and flexible gear. Fig. 10 shows the sliding
frictional force between the gears measured for different
materials and pressing forces. The error bar indicates the
standard deviation for five readings. TPU-based flexible gears
exhibited lower frictional resistance than other materials, and
hence was chosen for fabricating the flexible omnidirectional
gear. In addition, alternative materials can be considered for
fabricating the flexible gears. However, it is crucial that the
chosen material minimizes sliding friction between the gears
for smooth operational performance.

B. Positional accuracy, repeatability, workspace tracing and
adaptability to different curvatures

Position tracking experiment was conducted to measure
the prototype’s positional accuracy and overall motion range.
Fig. 11 shows the experimental setup used for measuring the
displacement of omnidirectional driving gear. Two NEMA 17
(14HS17-0504S) stepper motors controlled the X and Y-axis
gears. Infrared reflection (IR) tracking markers were fixed at
three different points as shown in Fig. 11, with sequential
motion of the mechanism depicted in Fig. 12. Positions of
the markers were measured by the motion-capture system
(OptiTrack V120 Trio; Natural Point Inc., Oregon, USA).

Fig.13(a) shows the motion of flexible omnidirectional
gear on a flat surface driven along different trajectories using
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(a) (b)

Fig. 13. Driving experiment of the flexible gear along different trajectories
on a flat surface and results

(a) (b)

Fig. 14. Positional accuracy of the flexible omnidirectional gear mechanism

Equation (1). The markers correspond to the IR markers in
Fig.12. Marker 2 exhibits a stable trajectory aligning closely
with the actual path, while others show instability due to a
single anchor point on the drive unit. To address this, adding
an extra passive roller unit can constrain lateral displacement.
Fig. 13(b) displays positional errors for tracking marker 2
about point O (start point of respective markers) after driving
across various trajectories, with error bars indicating standard
deviations from ten readings and tabulated in TABLE 1. The
flexible gear was also driven to four different setpoints along
the trajectory shown in Fig. 14(a), to measure the positional
accuracy of the mechanism. Fig. 14(b) shows the results
of the experiment with error bar indicating the standard
deviation for ten readings. The results show satisfactory
positional accuracy with deviations less than 0.5mm from
the target points.

Fig. 15 shows the adaptability of the mechanism along
concave and convex guide surfaces fixed with SUS430



Fig. 15. Running experiment of flexible omnidirectional gear along concave
and convex guide surface

(a) Running experiments along dif- (b) Results of the experiment

ferent curvatures

Fig. 16. Driving experiment of flexible gear along different curvatures

sheets. The mechanism achieves omnidirectional displace-
ment along these curvatures through magnetic coupling. The
mechanism successfully adapted to a concave guide of radius
80mm, limited by the end stops in the support structure
which can be adjusted based on the bending capability of the
flexible display. The mechanism also successfully adapted
to a convex guide curve of radius 100mm, below which
the magnetic coupling fails due to overall stiffness of the
mechanism, which can be improved by using a stronger
magnet. Fig. 16(a) shows the experimental results of driving
the flexible omnidirectional gear along convex and concave
guide surfaces. Fig. 16(b) shows the results of the positional
error about point O with error bar indicating the standard
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TABLE I
POSITIONAL ERROR ABOUT POINT O’ FOR TEN READINGS

Surface Rectangle Triangle
Ave (X, y) Std (x, y) Ave (x, y) Std (x, y)
[mm] [mm)] [mm] [mm]
Flat (0.05, 0.03)  (0.15,0.13)  (0.12, 0.06)  (0.17, 0.09)
Convex (0.18, 0.45)  (0.27,0.32) (0.42,0.23) (0.33, 0.24)
Concave  (0.10, 0.07)  (0.14, 0.12)  (0.18, 0.05)  (0.15, 0.09)
Infinity
Flat (0.15, -0.10)  (0.12, 0.18)
Convex  (0.49, -0.31)  (0.32, 0.20)
Concave  (-0.15, 0.11)  (0.11, 0.15)
Fig. 17. Results of position tracking experiment for workspace tracing

deviation for ten readings. TABLE I lists the positional errors
for different conditions with following observations.

o Positional accuracy of the mechanism is quite high with
average error less than 0.5mm.

e Maximum deviation about point O is approximately
0.3mm, indicating high precision and repeatability.

« Positional error is slightly higher when the mechanism
was driven along a convex surface due to a slight
increase in mating distance, causing increased backlash.

The overall motion range of the flexible gear is plotted

in Fig. 17. The points marked from 1 to 8 shows the
corresponding positions of markers 1 and 3 at a given point
in time. When marker 1 is at its extreme outer limit, marker 3
is at its extreme inner limit and vice versa. The flexible gear
was passively bent to its limits using different guide surfaces
and superimposed to trace the overall workspace. The center
of the plot is empty because it houses the drive unit and the
IR markers attached to the ends of the flexible gear cannot
cross the drive unit. The estimated X-axis displacement is
around +100mm and the Y-axis displacement is around
+12mm. The motion range of the developed prototype
is limited by the size of flexible display attached to the



Fig. 18. Fabricated model of flexible display system

Fig. 19. Running experiment of the flexible display mechanism with
graphical information represented physically

mechanism. However, the motion range of the mechanism
can be increased by designing a larger flexible gear based
on the application or extending the length of drive unit.

C. Potential applications of the mechanism

Experiments were conducted on the developed flexible
omnidirectional driving gear prototype with flexible display
to assess the feasibility and applicability of the mechanism
in real-world application. Fig.18 shows the details of flexible
display mechanism, utilizing a flexible LED display manu-
factured by SUBORAWOS. The display is attached to the
flexible gear using a sliding sheet, allowing for curvature
changes without damaging the display during operation.
Fig.19 showcases the running experiment, highlighting the
mechanism’s adaptability to various guide surfaces and the
physical interpretation of graphical information. The running
experiments were successful, and the mechanism exhibited a
reliable and smooth operation for different curvatures without
damaging the display. A larger dashboard can be designed
with larger display structure and storage spaces beneath the
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(a) Interaction with objects in simu-(b) Slope of objects represented
lation environment through different curvatures

Fig. 20. Flexible omnidirectional driving gear as a haptic device

display for effective utilization of workspace.

The mechanism can also be used as a haptic device
where the X and Y spur gear rotations can be used as
feedback using rotary encoders to move an avatar in a
simulation environment and the interactions in the simulation
environment can be translated to the hand by actuating the
motors attached to the gears as shown in Fig. 20(a). It is
also possible to drive the unit along different curvatures
to indicate the slope or surface condition of the object in
the simulation environment as shown in Fig. 20(b). The
high positional accuracy of the flexible gear can be used
to locate the position of hand in real world without using
any positioning sensor.

IV. CONCLUSIONS

In this paper, we developed a compact 2-DOF support
structure for flexible displays using the flexible omnidirec-
tional driving mechanism. Our discussion covered the design
and manufacture of a flexible omnidirectional driving gear
mechanism capable of adapting to guide surface curvatures,
with its motion range studied through position tracking.
Running experiments with various guiding surfaces produced
satisfactory results, demonstrating good positional accuracy
and repeatability. Different materials were tested and the
material with least sliding friction was chosen for fabrication
of the flexible gear. The magnetic coupling between magnets
in the support structure and the guide surface’s metal sheet
allowed the mechanism to adapt to any arbitrary curvature.
In the future, we plan to create an actual prototype of the
mechanism with OLED displays, intended for implementa-
tion as a graphical human interface inside automobiles.
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