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FIG. 1 illustrates a gear system 100 including vibration
rings 115, 120, according to an embodiment of the present
invention. In this embodiment, gear system includes gears
105, 110. Gears 105, 110 include vibration rings 115, 120. In
this embodiment, vibration rings 115, 120 may be respec-
tively placed between shafts 125, 130 and gears 105, 110. In
other embodiments, vibration rings 115, 120 may be placed
in between a bearing and a mechanical housing or between
any two mechanical components in a driveline.

When gears 105, 110 are in motion, vibrations may occur
as depicted by the arrows shown in FIG. 1. In one embodi-
ment, vibration rings 115, 120 are used to attenuate vibration
created by meshing gears 105, 110. Vibration rings 115, 120
indirectly provide a damping effect by converting applied
vibratory energy into electricity and then into heat. This
implies that gear system 100 with vibration rings 115, 120
will have lower vibration levels compared to the same
system without the vibration rings.

Vibration rings 115, 120 are self-contained, installed like
a metal spacer, and require no external wiring. By including
vibration rings 115, 120 within the driveline, vibration is
attenuated before the vibration is able to manifest as noise
elsewhere in the machine. Stated differently, unlike conven-
tional modification systems, vibration rings 115, 120 address
the source of the problem.

Vibration rings 115, 120 may attenuate vibration energy
with very little deformation. This makes them appropriate
for use within the driveline of a rotating machine, i.e.,
vibration rings 115, 120 do not disrupt the position toler-
ances of the driveline assembly or significantly reduce the
resonant frequencies of the driveline.

Furthermore, vibration rings 115, 120 may be used to
harvest electrical energy in the rotating frame of the
machine. Typical energy harvesting devices are attached to
non-rotating vibrating structures, and any energy supplied to
the rotating frame is transferred through slip rings. Vibration
rings 115, 120 may be included within the driveline to
provide energy for sensors, telemetry, and other devices
within the rotating frame.

Additionally, the driveline is a concentrated source of
vibration energy. Therefore, vibration rings 115, 120 may
provide more electrical energy than other energy harvesting
devices attached to vibrating machine structures outside of
the driveline.

FIGS. 2A and 2B are cross-sectional views illustrating a
vibration ring 200, according to an embodiment of the
present invention. In particular, FIGS. 2A and 2B show that
vibration energy enters vibration ring 200 and becomes
reduced energy. F1G. 2A shows a vibration ring 200 having
a compression cage 205 and a piezoelectric material (or
stacked material) 210. FIG. 2B shows a cross-sectional view
of vibration ring 200 having a compression cage 205,
piezoelectric material 210, and an electric circuit 215.

Referring to FIG. 2B, compression cage 205 includes
inner hoop 225 and outer hoop 220, and a plurality of
mechanical links 230, 235 arranged in pairs. Vibratory
forces imparted at any position around the perimeter of
compression cage 205 are transferred through one or more
pairs of links 230, 235 into an axial direction, causing
piezoelectric material 210 to compress dynamically. Stated
differently, when vibration is imparted onto outer hoop 220
of vibration ring 200, compression cage 205 changes the
direction of the vibration in an axial direction. This allows
the use of piezoelectric material 210, or other anisotropic
materials, which are optimized to convert vibration energy
along one axis. As a result, the vibratory energy is reduced.

It should be appreciated that, not only does compression
cage 205 transfer vibratory force to the axial direction, but
also protects material 210 from potentially damaging tensile
and shear forces. This is crucial for piezoelectric materials,
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because they tend to be fragile in tension and shear. Com-
pression cage 205 may prevent tensile forces by holding
material 210 under a compressive preload. In addition,
compression cage 205 may prevent shear forces by shunting
the driveline torque between inner hoop 225 and outer hoop
220, via links 230, 235, such that the torque is not transferred
through material 210.

In this embodiment, a single annular shaped material 210
is used to convert vibration energy. See, for example, FIG.
2A. However, a plurality of individual material elements
may be used in its place. The elements may be bars,
cylinders, or both. In a further embodiment, the elements
may have any geometric shape that would be appreciated by
a person of ordinary skill in the art.

FIG. 3 is a cross-sectional view illustrating a vibration
ring 300 in a loaded state according to an embodiment of the
present invention. A simplified model is presented herein by
reference to the kinematic features and forces annotated in
FIG. 3. The model is used to provide design insight.

Assuming an external radial force F, , and resulting
displacement x, the complex valued stiffness of vibration
ring 300 is defined in the frequency domain as follows.

Equation (1)

This is rewritten in the following standard form.

k, =k, (1+hm,,) Equation (2)

In this case, k,, and 7),, are the stiffness and loss factor
properties, respectively. The constant j is the square root of
negative one.

In a driveline application, high loss factor is a desirable
feature for damping, while high stiffness is required to
prevent excessive motion that may disrupt the driveline
operation.

Considering compressive force F transferred to material
310 inside of vibration ring 300 and the resulting compres-
sive displacement y, the complex material stiffness is defined
as follows.

Equation (3)
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Similarly, this equation is written in the following stan-
dard form.

k=k(14jn) Equation (4)

In this embodiment, k and n are respectively the material
stiffness and loss factor properties. In general, these are
frequency dependent properties, and for the case of piezo-
electric material, these properties are dependent on the
impedance of the attached electric circuit.

Compression cage 305 design associates material 310 and
vibration ring 300 properties by the following two factors.

€082 Puntoad Equation (5)

—
SIN* Puntoad

keage Equation (6)

Tor

o=

The factor G is a trigonometric function of ¢, Which
is the link angle ¢, as shown in FIG. 3, for the case that no
load is applied. The factor o is defined as the ratio of
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