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such as building, wind turbines, and off-shore structures.
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To broaden the implementation of modern damping systems,
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damping systems due to its cost-effectiveness, high damping
performance, mechanical robustness, and technological sim-
plicity. Its mechanical principle is based on a band brake,
which results in a high amplification of the input force while
enabling a variable control force.
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APPARATUS, METHOD, AND SYSTEM FOR
HIGH CAPACITY BAND BRAKE TYPE
VARIABLE FRICTION DAMPING OF
MOVEMENT OF STRUCTURES

GRANT REFERENCE

This invention was made with government support under
Grant No. CMMI1300960 awarded by the National Science
Foundation. The government has certain rights in the inven-
tion.

1. BACKGROUND OF THE INVENTION
A. Field of the Invention

The present invention relates to damping of structures
against movement such as can be caused by, for example,
wind, earthquakes, or other forces. Movement can include
directional movement, vibration, and oscillation. In particu-
lar, the invention relates to a system using a band brake
configuration friction device in combination with the struc-
ture’s structural system. The system can includes a control
mechanism to adjust damping force. The band-brake-type
friction device can be used in combination with other types
of damping devices.

B. Problems in the Art

A variety of techniques have been proposed for mitigation
of building movement of these types. Some are called
passive in the sense that they based primarily on mechanical,
reactionary components. They do not require external power
sources. Some are entitled active. They require external
power sources. Some are denominated as semi-active and
combine aspects of passive and active. State-of-the-art sys-
tems of all three categories are well-known. The literature is
mature regarding the same.

The spectrum of approaches indicates the complexity of
the matter. At stake is avoidance of potential destructive
effects on structures that can range from small single story
buildings to massive multi-storied skyscrapers caused by
such things as wind or seismic events. A variety of factors
influence the designs. Some of these factors can be antago-
nistic.

For example, ability to withstand massive event forces
implicates more robust, possible larger and more expensive
dampers. Yet, the building may present practical space and
cost constraints. Another example is useful life of the
damper. Some state-of-the-art dampers have a failure point.
This implicates the risk that the damper will have to be
repaired or replaced after each event. Another issue involves
ability to provide damping protection for forces that tend to
oscillate a structure. Ideally, damping protection should be
continuous and for both directions of oscillation. Also, it can
be beneficial, but not necessarily easy, to control the damper
with input forces which are a small fraction of the potential
damping forces. It may also be difficult to scale some
damping approaches up and down in a practical, economic
way. Thus, a variety of approaches for mitigation have
arisen. There are pros and cons to each.

Some state-of-the-art approaches are not controllable in
the sense that the amount of damping force cannot be
adjusted. On the other hand, some controllable damper
systems require substantial external power supplies or sub-
stantial external forces to operate. Some are large in size and
take substantial valuable space. Some have high cost and/or

10

15

20

25

30

35

40

45

50

55

60

65

2

complexity. Also, some fail or have a destructible compo-
nent when experiencing large forces, and thus must be
repaired or replaced after each such event. These issues can
exist for both base-isolation and non-base isolation building
designs.

Similar issues exist for other engineered earth-supported
structures that support or resist relatively large loads.
Examples include but are not limited to bridges, wind
turbines, and off-shore structures, whether or not using
base-isolation, inertial, or other paradigms. This can include
structures that are not necessarily in the ground but, for
example anchored to the ground. One example would be a
floating offshore structure. This can also include what are
well known in the art as tuned mass isolation systems on
structures including but not limited to tall buildings or
bridges. An example of a tuned mass damper is described at
U.S. Pat. No. 5,560,161, which is incorporated by reference
herein.

Some approaches utilize friction as the damping force.
One proposed example is in the form of a drum brake of the
style used in some automobiles. Drum shoes are controlled
against the interior of a drum. Friction of the shoes against
the interior of the drum damps forces trying to rotate the
brake drum. However, the inventors have identified issues
with this friction device when applied to damping building
or other structure movement. For example, these style of
devices may not be able to generate the range of damping
forces needed, or at least a practical ratio of input force to
damping force. They may not be able to effectively provide
consistent damping of building or structure oscillation
events. They may not be able to survive multiple severe
events. They are not easily scalable, especially for much
larger scales.

There is, therefore, room for improvement in this techni-
cal art.

II. SUMMARY OF THE INVENTION

As a result, the present invention relates to the method,
apparatus, and system for damping movement of a structure
which improves over or solves problems and deficiencies in
the art.

Other objects, features, aspects, or advantages of the
present invention include the method, apparatus, and system
as above described which:

a. Can be implemented in a semi-active manner, including
having a self-energizing nature.

b. Can be effectively scaled up and down according to
need and desire.

c. Can be controlled, tuned, or adjusted to provide vari-
able and high capacity damping forces, including for dif-
ferent conditions, without much input force.

d. Can be installed with respect to different structures and
structural systems, such as bracing paradigms, isolation
paradigms, inertia paradigms, including with other damping
devices, in a complementary fashion.

e. Can withstand a wide range of forces, including rela-
tively large excitation forces.

f. Utilizes a band-brake paradigm to supply friction to
dampen excitation forces.

g. Can be implemented in relatively economical compo-
nents and installations.

h. Can function through multiple events and provide a
relatively long useful life.

i. Is relatively non-complex.
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These and other objects, features, aspects, or advantages
of the present invention will become more apparent with
reference to the accompanying specification and claims.

In one aspect of the invention, a method of damping
movement such as displacement or vibration of a structure
comprises transferring displacement via a bracing system or
other tie-in to or associated with the structure into a rotation,
and resisting the rotation with a variable frictional force
generated by a flexible band lined with friction material and
anchored at one end. The band is wrapped around a rotatable
drum with the other end of the band applying a tangential
force on the drum. A control system, utilizing a relatively
small amount of force in comparison to the frictional force
that can be created, adjusts the relationship of the band to the
drum. A positive servo or self-energizing effect can be
created and controlled in either direction of rotation drum
within the band.

In another aspect of the invention, the method is imple-
mented in a band brake type apparatus which has a frame
which supports a rotating drum or wheel. In cases where the
structure is a building, in one example the rotating drum or
wheel can be mounted or fixed to a building base or
foundation which supports at least one floor deck above it.
It is possible to position the drum in other positions at or in
the building. Such positions can be horizontal, vertical, or
oblique relative to portions of the structure. A band, having
a frictional side, is wrapped around the drum or wheel.
Opposite ends of the band are secured to the frame. A
linkage between the drum and a building bracing member or
other tie-in to the building is adapted such that movement of
the building super-structure translates such movement to
rotational movement of the drum or wheel. The wrapped
band resists or opposes drum rotation by friction. Damping
action is thus imparted against building movement. A con-
trol system allows adjustment of the band relative the drum
or wheel. The method can be implemented relative to other
relatively large superstructures (e.g. bridges, wind turbines,
off-shore structures, etc.) in analogous ways.

Another aspect of the invention is utilizing the method or
apparatus in a system comprising a building having a
substantial vertical axis. One or more floor decks are sup-
ported on vertical structural members on a building base.
One or more band brake type damping apparatus is/are
mounted at the building base and operatively connected
between the building base and at least one structural brace
member of the building. The damping apparatus comprises
a banded rotary friction device that resists building move-
ment by friction between a rotating drum or wheel and a
fixed band. In one embodiment of the system, an actuator in
operatively connected to the band to adjust its tension with
the drum or wheel. The amount of force to adjust the tension
is a small fraction of the amount of damping force that can
be generated by the band and drum or wheel. The control can
provide a range of self-actualizing and self-energizing
damping forces for normal events experienced by the struc-
ture (e.g. normal wind events) and larger damping forces for
abnormal events (e.g. seismic events or severe wind events).
Once in place, the system has the capability of operating for
many events over time. It does not require a component that
is designed to fail, even at or past abnormal event forces. The
system can be applied in analogous ways to other structures.
A few non-inclusive examples are bridges, wind turbines,
and off-shore structures.

The system can include just one band brake type damping
apparatus, or plural such apparatus. The system can be
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installed in buildings or relative to other structures. The
system can be installed to address any of a variety of
different damping goals.

In another aspect of the invention, a system of the type
described above can be combined with other damping
devices. For example, a band brake type damping apparatus
or system as described above could be installed in parallel
with a different type of damping apparatus or system. The
latter damping apparatus or system could be adapted to
damp normal events. The band brake type apparatus or
system could be adapted to address abnormal events. One
non-inclusive example of the different type of damping
apparatus or system is a hydraulic damper.

In another aspect of the invention, a system of the type
described above can be applied to tuned mass isolation
systems. For example, a band brake damping apparatus or
system could be utilized alone or in combination with other
types of dampers for tuned mass isolation systems.

III. BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a reduced-in-scale perspective view of a banded
rotary friction device (BRFD) according to a first exemplary
embodiment of the invention with a tension control circuit,
a building base or foundation, and a building bracing shown
schematically.

FIGS. 2A and 2B are side-by-side alternative configura-
tions of the BRFD of FIG. 1 installed within a building or
other structural system. An optional hydraulic damper con-
nected to the building in parallel with the BRFD is shown in
dashed lines.

FIG. 3 is a schematic diagram of forces acting on the
BRFD of FIG. 1 when installed, for example, in either
configuration of FIGS. 2A and B.

FIG. 4 is a side elevation schematic of the BRFD of FIG.
1.

FIGS. 5A and 5B are related graphs showing dynamic
response of the BRFD of FIG. 1 under applied force of 133
N (30 Ib.). FIG. 5A is a force-displacement plot (0.2 Hz).
FIG. 5B is a force-velocity plot (0.2 Hz).

FIG. 6 is a perspective view of the BRFD of FIG. 1 in a
testing setup or jig (shown partially).

FIGS. 7A-C are side-by-side comparison illustrations of
the BRFD of FIG. 1 illustrating diagrammatically, and not to
scale, band gaps varying with applied force, namely, 35N in
FIG. 7A, 66 N in FIG. 7B, and 267 N in FIG. 7C.

FIGS. 8A and B are related graphs illustrating experimen-
tal data fitting under various levels of force inputs for a 0.05
Hz excitation. FIG. 8A is a force-displacement plot. FIG. 8B
is a force-velocity plot.

FIGS. 9A and B are related graphs illustrating experimen-
tal data fitting under various levels of force inputs for a 0.50
Hz excitation. FIG. 9A is a force-displacement plot. FIG. 9B
is a force-velocity plot.

FIGS. 10A and B are related graphs illustrating experi-
mental data fitting under various excitation frequencies for
a 133 N (30 1bs.) force input. FIG. 10A is a force-displace-
ment plot. FIG. 10B is a force-velocity plot.

FIGS. 11A and B are modeled dynamics of the BRFD of
FIG. 1 under various force inputs under a 0.05 Hz excitation
of 25.4 mm (1 in) amplitude. FIG. 11A is a force-displace-
ment plot. FIG. 11B is a force-velocity plot.

FIGS. 12A and B are, for comparison with FIGS. 11A and
B, modeled dynamics of another frictional damper approach
(e.g. “MFD”) under various force inputs under a 0.05 Hz
excitation of 25.4 mm (1 in). FIG. 11A is a force-displace-
ment plot. FIG. 11B is a force-velocity plot.
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FIG. 13A is a highly diagrammatic illustration of a
conventional building structure. The left side is a fixed base
construction. The right side is an isolated building construc-
tion using isolation bearings between base and super struc-
ture.

FIG. 13B is similar to FIG. 13A but shows in exaggerated
fashion movement of either building style in response to
ground movement.

FIG. 13C is an illustration of a prior art passive hydraulic
piston-based damper system which could be used in parallel
with the BRFD of FIG. 1 (see also FIGS. 2A and B).

FIG. 14A is similar to FIG. 1 and shows an assembled
view of a BRFD.

FIG. 14B is a perspective view of the BRFD of FIG. 14A
from a different perspective than FIG. 14A.

FIG. 14C is a top plan view of FIG. 14A.

FIG. 14D is a side elevation view of FIG. 14A.

FIG. 14E is an end elevation view of FIG. 14A.

FIG. 15A is a partial assembled view of a frame of the
embodiment of FIG. 14A.

FIG. 15B is a side elevation of FIG. 15A.

FIG. 15C is a top plan view of FIG. 15A.

FIG. 16A is an assembled view of the rotating drum or
cylinder of the embodiment of FIG. 14A isolated from the
remainder of the apparatus.

FIG. 16B is an isolated plan view of an axle used to make
a drum assembly with the drum of FIG. 16A.

FIG. 16C is an enlarged side elevation of the face plates
of the cylinder of FIG. 16A.

FIG. 17A is a reduced in scale perspective view of the
band that is wrapped on the drum of the embodiment of FI1G.
14A.

FIG. 17B is a slightly enlarged view of the wrapped
portion of the band of FIG. 17A as it would appear around
a drum.

FIG. 17C is a plan view of the band portion of FIG. 17A
laid out on a flat surface.

FIG. 18A is a perspective view of a pin that can be used
in two locations in the linking assembly between the drum
and building bracing.

FIG. 18B is a plan view of FIG. 18A.

FIG. 19 is an enlarged side elevation of a lever arm used
for variable tension of the band of FIG. 14A.

FIGS. 20A and B are enlarged perspective and plan views,
respectively, of a connecting pin that can be used to connect
the band to the frame of the BRFD.

FIG. 21 is a greatly enlarged inverted perspective view of
a pin and nut combination used with a screw rod connection
for the variable tension actuator for FIG. 14A.

FIGS. 22A-D are enlarged perspective, top plan, end
elevation, and side plan view, respectively, of the pin portion
(with nut portion removed) of FIG. 21.

FIG. 23 is a diagrammatic illustration of alternative or
multiple placements of BRFDs in a building.

FIG. 24 is a depiction of plural BRFD apparatus applied
to a bridge.

FIGS. 25A and B are illustrations of a BRFD apparatus
applied to a tall pole, in this case elevating a wind turbine,
FIG. 25A showing the combination with a portion of the
pole removed to see the BRFD, and FIG. 25B comprising an
isolated enlargement of the BRFD of FIG. 25A.

FIGS. 26A and B are highly diagrammatic depictions of
a BRFD apparatus applied to an offshore structure whether
anchored in the seabed or floating. FIG. 26B is an isolated
enlargement of the structure and BFRD of FIG. 26A.
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FIG. 27 is a highly diagrammatic depiction of a BFRD in
a floating structure which is tethered or anchored to the
earth.

FIG. 28 shows application of plural BRFDs to a tuned
mass isolation system.

FIG. 29 is similar to FIG. 14A but shows a BRFD with an
alternative actuation subassembly.

IV. DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENTS

A. Overview

For a better understanding of the invention, one or more
forms the invention can take will now be described in detail.
It is to be understood that these examples or embodiments
are by way of example only and are neither inclusive nor
exclusive of all the forms the invention can take.

These embodiments will be described primarily in the
context of a damping device installed at the base (e.g.
foundation) of a vertical structure comprising a building to
provide damping for movement (including oscillation) of the
vertical structure. It is to be understood, however, that the
invention can be utilized in analogous ways for other
applications. Other applications can include, but are not
limited to, base-isolation systems, inertia systems, isolation
of bridges, isolation of wind turbine systems, and isolation
of off-shore structures. Those skilled in the art will appre-
ciate how to implement the embodiments into such and other
structures.

These embodiments will also refer to damping of move-
ment of a structure. This includes a variety of types of
movement, including but not necessarily limited to direc-
tional movement, vibration, and oscillation.

To assist in the description, reference will be taken to the
highly diagrammatic illustrations of FIGS. 13A and 13B,
which show two conventional building construction tech-
niques (FIG. 13A—one a fixed base building 100; the other
building 100' is isolated from its base or foundation 102 by
base isolation bearings 110 and 112). Vertical structural
components 106 and 108 (e.g. beams, walls, etc.) support
one or more floor decks 104 on base or foundation 102. Each
floor deck 104 usually supports some additional load (see
schematic box 105 on each deck 104).

As is well-known by those skilled in this technical art,
damping is intended to address movement of building 100 or
100" relative to fixed base 102 along axis X. As greatly
exaggerated in FIGS. 13 A and B, movement in this example
can include the difference between normal building vertical
axis Y and an offset to axis Y' such as can be caused by wind
or seismic event. A fixed base configuration (left side of FIG.
13B) would typically primarily result in an angular offset a
(tilt between normal vertical axis Y and Y') with, for
example, ground movement in the direction shown in the
event of an earthquake. That ground movement may be
predominately in one direction, but typically would be back
and forth in opposite directions along the arrow, which
would tend to cause roughly symmetrical tilting vibration or
oscillation of building 100 an amount of + and - on both
sides of axis Y. It is typical that such ground shaking would
be primarily along one vertical plane. As further appreciated
by those skilled in the art, wind events can cause building tilt
in away from the main wind direction. It could also cause an
offset between Y and Y'. Also, it could cause some oscilla-
tion of + and -« as the building will try to restore to normal
position and such forces can set up harmonic-type oscilla-
tion.
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FIG. 13B (right side) illustrates another type of building
movement. Isolation bearings 110 and 112 passively try to
damp strain on building 100' caused by ground movement.
While bearings 110 and 112 may tilt on foundation 102 away
from that ground movement, and keep the vertical supports
106 and 108 more vertical (as opposed to the tilting of the
fixed base configuration of FIG. 13A), it still can result in
building movement. As diagrammatically illustrated, a more
horizontal shift or offset would occur between normal build-
ing vertical axis Y and shifted axis Y'. The walls 106/108
would basically be laterally translated and strain would be
substantially on the isolation bearings 110/112. The same or
similar can occur in wind events. It is possible there could
be lateral building shifting and some tilting.

Thus, in either case, there can be movement of the
building. There might be no further protection against such
movement. However, as discussed earlier, a number of
systems, over and above isolation bearings, can be installed
to try to damp such movement.

FIG. 13C illustrates one well-known damping connection
to building 100. A hydraulic piston-based damper 120, it is
essentially a bracing from one corner or wall/floor deck
connection area 104 to or towards an opposite corner 109 at
or near the base. Hydraulic damper 120 is passive damper in
the sense it reacts without any energy input. It has a
fixed-length rigid brace portion 122 and a piston portion
124. Piston portion 124 can slide over some range in either
direction along the brace portion 122 longitudinal axis. Fluid
in the piston portion 124 would resist such movement. This
would lend some level of damping against movement of
either a fixed base or isolation bearing building base of
buildings 100 or 100", and one or more floor decks 104A, B,
C, etc., elevated above such a base or foundation 102 on
opposite vertical structural members or walls 106A, B, C,
etc. and 108A, B, C, etc.

It is to be further understood that these examples will be
described in the context of a specific damping apparatus. As
will be discussed in more detail below, the specific exem-
plary embodiment has been tested and is indicated to be
capable of supplying a certain damping force. Specific
dimensions, material characteristics, and component coop-
eration will be discussed. The designer has some ability to
adjust that force with the specific scale and materials indi-
cated for that embodiment. However, it is to be understood
that the invention can be implemented in different sizes and
scales, with variations in materials and components, as will
be appreciated by those skilled in the art. The specific
dimensional size and other characteristics of the exemplary
embodiment can be changed according to need or desire.
Those design variations can be selected to produce more or
less damping forces.

Additionally, the embodiments will be described in the
context of replacing or being installed in parallel with or
otherwise for concurrent use with other and different damp-
ers. One example is the piston-based damper of FIG. 13C.
It is to be understood the plural dampers according to the
exemplary embodiment can be installed in the same build-
ing. They could be placed at or near each other or spaced
apart. They could be configured to damp against forces in the
same direction. They could configured to damp against
forces from different directions.

B. Apparatus Example

FIGS. 1-22A-D illustrate various aspects of an apparatus
10 and its major components according to an exemplary
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embodiment of the present invention. This embodiment will
sometimes be referred to as a banded rotary friction device
(BRFD).

With reference to FIG. 1, some type of frame 12 will
include a rotating drum 20, a frictional band 30 around drum
20, with opposite ends of band 30 fixed to frame 12 and an
actuation mechanism 50 respectively. A linkage 70 will be
operatively connected to a building bracing 78. In this
manner, horizontal movement of a floor deck would be
translated into rotary motion of the brake drum 20 through
linkage 70. Band 30 would resist such rotation. Damping
forces are thus presented for the building.

1. Frame

Frame 12 is adapted to be fixed to a building base or
foundation. It is made of strong and durable materials (e.g.
plate steel of the type A-36). It can be connected to the
building in robust ways (e.g. bolts) that can withstand the
forces it is designed to experience. Appropriate materials
and connection techniques are well known to those skilled in
the art, and they can vary according to desire to need,
including the specific form factor of frame 12.

Frame 12 has, for example, screws or bolts which allow
attachment to such things as feet or legs 13A and B (see FIG.
4) which can be attached by any of a variety of attachment
techniques to building base 102. Examples of such attach-
ments could be screws, bolts, welding, or a combination, to
name a few. The connection of frame 12 to building base 102
via legs 13 should be designed to be sufficient to withstand
the forces that would tend to move drum 30 away from its
fixed rotational position.

As can be seen in FIGS. 15A-C, frame 12 includes a pair
of robust vertical pillars 14. These would support bearings
for the rotational axle of drum 20. Frame 12 also contains
four flanges or plates 16, each with aligned apertures. Pairs
of plates 16 will connect, in a fixed manner, the double ends
of the double ended section 34 of band 30 (see FIGS.
17A-C).

Frame 12 also includes another pair of plates 18 with
aligned apertures at their distal ends. They are adapted for
mounting of a lever assembly 52 (see one plate of that
assembly in FIG. 19A) that allows variable tension on the
single end 32 of band 30 (see FIGS. 17A-C).

FIGS. 15A-C show details, including some dimensions,
of frame 12 and some of its sub-components, for this
particular embodiment of BRFD 10. As can be seen in FIGS.
15A-C in this embodiment, certain dimensions illustrate one
form the invention can take. Again, these dimensions pertain
to one example for one application. They can be changed or
scaled up or down according to need or desire.

As can be appreciated, frame 12 can take on many
different scale, forms and configurations. It can be similar to
what is shown in the Figures, e.g. a rigid and robust metal
plate. But it can be multiple pieces or part of another
member or existing structure(s). It can be of other materials
or combinations of materials. The term frame is used to
distinguish it from the term base, which is used primarily to
describe the foundation or analog for the structure that is
being damped.

2. Drum

Frame 12 supports a rotatable drum 20 on an axle 21
journaled in pillow block bearings 28 (e.g. order #635K22
from McMaster-Carr of Atlanta, Ga. (USA)) on drum
mounts 14. (See FIGS. 1 and 14E). Linkage assembly 70 has
link arms 720 and 72R eccentrically rotatably mounted
along a common axis to opposite side faces 241, and 24R of
drum 20. Flanges 76 on cross-arm 74 of assembly 70
connect (by pivot pin 75) damping apparatus 10 to building
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bracing 78. Cross-arm 74 can be attached to link arms 72 L
and R by a pair of pins 73 (see FIGS. 14A and 18A-B).
Alternatively, a pivot connection 77 could be rigidly
mounted on cross-arm 74 (see FIG. 14A). The materials for
these parts are also robust (e.g. steel of the type A-36) and
would be selected to meet the forces apparatus 10 is
designed to experience. Therefore, frame 12 is anchored to
a building base or foundation and linkage assembly 70 is
connected to bracing 78 of the building.

The drum can take different forms. For example, it could
be more like a wheel. It can be scaled up or down. It could
be rotatably supported in different ways.

However, this particular embodiment utilizes an approxi-
mately 12" diameter drum cylinder 22 (FIGS. 1 and 16A).
Band 30 has an overall length of around 90 inches. Half 32
is an approximate 2" wide single section. The other half 34
is a pair of 2" wide parallel but spaced apart the ends. See
FIG. 17C. FIGS. 16A-C illustrate features of drum 20. Axle
21 (see also FIG. 16B) is approximately 18" long by 1.50"
diameter. Opposite face plates 24 are approximately 11.50"
in diameter and have central apertures to receive axle 21;
and also have four off-set smaller apertures 26A, B, C, and
D, each at varying distance from the center bore 25 (see FIG.
16C). When faces 24 are installed on opposite ends of the
drum cylinder 22, corresponding sets of openings 26A-D
would each be aligned. This allows connection of link arms
72 at different points off-set from the drum rotational axis.
This allows flexibility in use with different types of building
bracing and linkage configurations. Examples of two are
shown in FIGS. 2A and B.

As can be appreciated, the drum could be solid or par-
tially-solid instead of tubular, could have different diameters
and lengths along its rotational axis, and could be made of
different materials.

3. Band

The flexible band 30 (e.g. steel of the type A-36) is
wrapped around drum 20. A frictional layer 36 is along the
drum-side of band 30. See FIG. 17A. One end 34 of band 30
is anchored to brackets 16 on frame 12. The other end 32 of
band 30 is connected to a tensioning actuator 50, also on
frame 12. In this example friction material 36 is a woven
material with a coefficient of friction on the order of p=0.5
(e.g. product #Bremskerl 4500 from Bremskerl—Reibbe-
lagwerke Emmerling GmbH & Co. KG, Estorf, Germany).
A variety of friction materials are possible. Ideally they
should be durable to withstand multiple events. Materials
such as used in other band brake type applications (e.g. ship
mooring) would be candidates.

An intermediate portion of band 30 is wrapped around
drum 20. While the amount of wrapping can vary, if opposite
band ends are anchored at or near the plane of frame 12, the
wrapping could be in the range of at least approximately 180
degrees to close to 360 degrees (single wrap). In this
embodiment, band 30 is wrapped over 360 degrees (double-
wrapped) resulting in a range of approximately 540 to
approaching 720 degrees; and in particular on the order of
630 degrees. Band 30 has the flexibility and material char-
acteristics to wrap tightly around the exterior of the drum
and withstand a range of forces, some being substantial.

The length and configuration of band 30 (FIGS. 17A-C),
allows for more surface area of band 30 relative to the
exterior of drum 20 than either a single band or single wrap.
FIG. 17B shows how band 30 can be wrapped essentially
almost two revolutions around drum 20 (on the order of 630
degrees). In this example, band 30 is steel of approximately
0.125" thick. Sections of band 30, as well as U-shaped
connectors at each distal end (see reference nos. 33 and 35),
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allow pins (e.g. of the type of pin 46 of FIGS. 20A and B)
to connect frame connections 16 for the double ends 34 of
band 30 and to the actuator 50 for the single end 32 of band
30, as will be further described further below. It is also to be
understood that the inner side of band 30 includes the
frictional material. This friction side 36 can be any of a
variety of materials. It can be a layer that is bonded or
otherwise attached.

Still further, sections of band 30 and attachments 33 and
35 can be welded, screwed, bolted, or otherwise robustly
connected. An adjustment technique for attaching the
double-ends 34 of band 30 to frame 12 can be used. As
shown in the drawings (see, e.g., FIGS. 14A-E), bolts and
nuts 17 (or other mechanisms) can allow some range of
adjustment of the anchored position of each double-end 34
relative to frame 12 to promote an even wrap around drum
20.

As can be appreciated by those skilled in the art, there is
no requirement that band be wrapped any specific amount
around the drum. It could be wrapped a fraction of the drum
circumference or more than the 630 degrees described
above. Attachment points to the frame would have to be
appropriately adjusted or configured.

The band could be a single strip between opposite ends.
It could be double, triple, or more parallel strips. It could
have a single strip portion and branch out into more than two
portions. It can be made of different materials but they must
be designed to withstand the level of forces indicated in the
descriptions herein. A frictional layer can be glued and/or
riveted to the band. Other attachment methods may be
possible so long as they maintain the lamination over the
range of forces that will be experienced.

Examples of the coefficient of friction for the band or the
frictional layer of the band are given herein. It is to be
understood that designer can select and configure the com-
ponents for a coefficient of friction that is needed or desired,
and that it can vary widely.

4. Actuation Mechanism

Actuation mechanism 50 can tighten or relax band 30 on
drum 20. As band 30 is tightened on drum 20, pressure is
applied to frictional lining material on band 30 and a friction
force is developed which opposes rotation of drum 20. A
mechanical advantage can be estimated based on the coef-
ficient of friction of the band friction material and how much
of'the band is wrapped around the drum. For example, in the
case of a 12 inch diameter drum, a band wrap of 630 degrees
around the drum, and a friction material coefficient of
friction of u=0.5, a 1 1b. of input force via a building brace
attached 2 inches from the pivot axis of the drum and the
load being applied perpendicular to the bracing, can result in
a reaction force of 728 Ibs. This represents a mechanical
advantage of 244.

Actuation mechanism 50 can take different forms. It is to
be understood that the functionality of actuation mechanism
50 can be accomplished in a wide variety of ways. Its basic
function is adjustable tension on one end of the friction
band. The amount of tension can be controlled.

As can further be appreciated, the mechanism would be
selected based on a variety of factors. One would static load
capacity. Typically this would include the ability to with-
stand a range of static loads at applied tensions to the band
for a given damping application. Another would be dynamic
load capacity. Typically this would include the ability to
withstand a range of dynamic loads experienced during
damping.

For adjustable tensioning, there typically would be a
controllable actuator or drive technique robust enough and
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with enough force to tension the band wrapped on the drum
over a range. Examples of the magnitude of forces in play
are given elsewhere in this description. As is appreciated by
those skilled in the art, the range of forces can vary accord-
ing to need or desire. There are a wide variety of commer-
cially available actuators and mechanical advantage tech-
niques to accomplish the same.

The designer would take into account at least cost, space
constraints, forces likely to be experienced, and control
methods in selecting the components. Those selections
would relate to not only installation and setup (original
setting of the tightening of the band on the drum), but also
ability to adjust that tension, and still further survive at least
a predetermined amount of forces if the drum is rotated by
the structure or structures it is damping. Non-limiting
examples are a variety of types of hydraulic, mechanical,
and electromechanical actuators that can be controlled over
a range of movement for tensioning the band.

Similarly, control of the actuating mechanism can take a
variety of forms and embodiments. Some actuators could
have integrated controls. For example, a linear hydraulic
actuator could have an integrated hydraulic pump and power
source and be controlled at the actuator. Others could have
a control connectable to the actuator via hydraulic lines,
electrical conduits, or mechanical linkages. Those skilled in
the art can select a control system based on need or desire.
It could also involve remote control in the sense that, if
desired, a control could be placed away from the actuator
(inches, feet, or more). The authorized operator could then
more conveniently adjust tensioning. It could even take the
form of some sort of wireless control. It could even be from
a remote control center connected in wired, wireless, or
combined fashion from somewhere else in the structure, near
the structure, or miles away from the structure. As indicated,
sensors could be integrated with device 10 and provide
feedback correlated to amount of tension. That feedback
could be communicated to a display or some intelligent
controller (e.g. microcontroller, microprocessor, pc, etc.).
An authorized operator could monitor sensed tension and
make desired adjustments. That sensing can also allow a
record of tension on device 10 over any time period (e.g.
sensor readings taken continuously, each minute, each hour,
each day, or otherwise) for purposes of record keeping,
monitoring, or research regarding the nature of structure
movement. A few non-limiting examples follow.

In embodiment of FIGS. 1 and 14A, mechanism 50
comprises a hydraulic linear actuator, mounted to frame 12,
that uses hydraulic power to operate a hydraulic pump/
cylinder combination 62 (FIG. 14D) to pivot one end of
lever assembly 52 on pillars 18.

FIGS. 14A-E show additional details of how actuator 50
is used to create variable tension on band 30 when installed.
Plates 18 on frame 12 support the pair of L-shaped arms of
lever 52 (see side view of one at FIG. 19). A pivot pin, for
example, like pin 46 of FIGS. 20A and B, extends through
center apertures 54 of each lever arm and through aligned
apertures of plates 18 on frame 12 (and, e.g., held in place
by ring clips 41—see FIGS. 15A-C and 21). One set of ends
of lever arms 52 include apertures 56 (see FIG. 19) that use
a pin 46 to attach bracket 33 of the single end of band 30.
The opposite ends of lever arms 52 include apertures 58
(FIG. 19) to receive a pin/nut member 40 (shown assembled
in FIG. 21 and disassembled in FIGS. 22A-D).

Load cell 64 is fixed to the top surface of frame 12.
Hydraulic actuator 62 is mounted on top of load cell 64.
Externally threaded rod 60 extends from hydraulic actuator
62 upwardly through the complementary threaded internal
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bore 45 in the nut portion 44 of the pin/nut combination 40
(shown inverted in FIG. 21). Pin/nut combination 40
includes nut 44 mounted (e.g. welded) along the side of main
pin portion 42, in alignment with its through-bore 43.

As seen in FIGS. 14A-E, hydraulic actuator 62 would be
connected to a source of hydraulic power (illustrated sche-
matically at reference number 67 in FIG. 14B). Operation of
hydraulic cylinder 62 would move threaded rod 60 linearly
in either direction along the long axis of rod 60. This would
cause pivoting of lever arms 52 around their pivot axis
depending on direction (up or down) of screw 60 movement.
This would adjust tension on single end 32 of band 30.

Because load cell 64 holds hydraulic actuator 62 and
screw 60 to frame 12, a control circuit or controller 68 (FIG.
14B) could monitor the output of load cell 64 to know the
amount of tensioning force on band 30.

This allows controlled and variable adjustment of tension
on band 30. Cylinder 62 would be controlled to move
threaded rod 60 along the direction indicated by the double-
ended arrow above rod 60 in FIG. 14D. When assembled, as
shown in FIG. 1, nut 44 would be threaded down upon rod
60. It would be fixed against longitudinal movement relative
to rod 60 by its threads 45 intermeshing with the threads of
rod 60. A controller would operate a hydraulic pump to
move rod 60 linearly up or down. This would, in turn, pivot
the lever assembly. Thus, using the mechanical advantage of
hydraulic cylinder 62, a lever arm can be pivoted around a
stationary pivot, which would tension band 30 when rod 60
is extended upwardly, and relax band 30 when cylinder 62
retracts rod 60 downwardly. An additional nut 61 (see FIG.
14A) underneath nut 44 of pin assembly can be used to add
further resistance to longitudinal movement of nut 44 on rod
60 when applying tensioning force on band 30.

One example of a commercially-available hydraulic lin-
ear actuator is model RSM-50 from Enerpac of Menomonee
Falls, Wis. (USA). A hydraulic linear actuator provides the
opportunity for relatively large applied forces relative to
power input. Load cell 64 can be any of a variety (e.g. model
#41/572-05 from Sensotec Sensors/Honeywell, Columbus,
Ohio (USA)).

An alternative example 50' of a tensioner for the band of
BFRD 10' is illustrated at FIG. 29. Instead of the lever-based
actuation mechanism 50 described regarding FIG. 1, a linear
actuator 62' alone, such as shown in FIG. 29, could be
substituted. As can be seen by comparison to FIG. 1, FIG. 29
shows that the piston arm 63 of hydraulic cylinder 67' moves
in the directions of the double-ended arrow in FIG. 29 to pull
connector 33 to one end of the band 30 closer or relax it by
moving it farther away.

A linear hydraulic actuator, such as an Enerpac RSM-50,
is essentially a hydraulic jack. It pushes or pulls arm 63 like
a connecting rod. The same would be true of rod 60 in the
embodiment of FIG. 14A. In that case the linear actuator
pushes or pulls rod 60 to pivot the lever arm.

Other types of linear actuators are, of course, possible and
commercially available.

A possible alternative to linear actuation would be to
substitute a rotary motor or screw drive for the hydraulic
linear actuator of FIGS. 1 and 14A. Instead of hydraulic
cylinder 62 to move rod 60 along a vertical axis, some sort
of rotary actuator (e.g. hydraulic, electrical, electromechani-
cal or other) could hold threaded rod 60 fixed in space but
rotate it in either direction in threaded bore 45 of pin
assembly 40. Essentially this would use rod 60 as a lead
screw and threaded nut 44 as a lead or traveling nut that
moves up or down on rod 60 depending on direction of
rotation of the motor or actuator. The lever arm ends pinned
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to pin assembly 40 would therefore move up and down with
traveling nut 44. The opposite ends of the lever arms are
connected to the slack end 32 of band 30. Operation of such
a hydraulic rotary actuator rotates the lead screw 60 in either
direction under some control. Depending on rotation direc-
tion of the lead screw 60, the ends of the lever at lead screw
60 are moved either up or down along the lead screw. If
moved up, the proximal end of the lever also moves up but
the distal end moves down. This pulls on the band 30 and
supplies increasing applied force to band 30. If moved
down, the opposite occurs. In this manner, via appropriate
motor and control, variable applied force can be presented to
the band-brake apparatus 10 (see, again, FIGS. 7A-C). A
screw drive can give significant mechanical advantage if
rotated by the drive mechanism. This can be achieved by
using either a rotating hydraulic motor or a continuous
rotation hydraulic rotary actuator such as are commercially
available. It shall be understood that a rotary actuator or a
hydraulic motor would require a pump and a controller.
Other rotary or screw drives are possible.

As indicated in FIG. 1, a load cell can be mounted
between frame 12 and actuator 50. It can feed back to a
controller the measured load so that the controller is
informed of the applied force presently provided.

Additionally, other techniques of generating an applied
force on band 30 are possible. Examples include, but are not
limited to compressed air screw actuator, geared actuator,
and piezoelectric actuators.

C. Operation

In its general form, this embodiment is essentially a band
brake type frictional brake. An example of a band brake for
large ship mooring is shown at U.S. Pat. No. 1,413,292,
incorporated by reference herein. However, in this embodi-
ment, one end of the band is fixed to a frame which is, in
turn, fixed to a building base or foundation; the opposite end
can be controlled to provide a designed amount of applied
force. The drum or wheel of the band brake would be
operatively connected to a bracing of the building. The
connection would be such that if the bracing, fixed and rigid,
responded to moving of the building, it would attempt to
rotate the drum. Rotation of the drum would be met with
frictional resistance of the wrapped band.

Operation would be similar if applied to other structures.

D. System

A system for use and implementation of the BRFD would
be mounting the device relative the building in a fixed
manner. As indicated at FIGS. 2A and 2B, BRFD 10 can be
incorporated into a building (such as buildings 100 or 100
in FIGS. 13A and 13B) by tying into bracing in the building.

FIGS. 2A and 2B show two specific bracing configura-
tions. Others are possible so long as they translate building
movement to rotary movement at the BRFD drum.

Next would be controlling the frictional element of the
device so that it presents an initial level of frictional resis-
tance against rotation of the drum of the device. This can be
adjusted, according to need or desire, over a range, by
operation of actuator 50. The drum would be connected or
tied to the structure in a manner that would attempt to rotate
the drum on movement of the building at least in one
direction.

The benefits of such an arrangement over other state-of-
the-art methods, including an automobile drum brake type
style, will be discussed below.
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For example, an automotive drum brake type brake is
limited to less than 360 degrees of contact between drum and
brake shoes (e.g. usually on the order of 270 degrees), which
limits the effect of its self-energizing capacity. Building
movement typically oscillates which reverses bracing
forces, which require the brake shoes to shift alignment
resulting in period of time with no bracing forces. Sustained
braking with typical woven friction material relative to the
brake shoes, applying forces generally normal to the rotating
drum tend to compress or bind the material. As such they can
require substantial maintenance, repair, or replacement, or
could result in much decreased performance or even failure
of the brake.

In contrast, the band brake type BRFD system as
described above includes these types of benefits:

a. Dual wrapping can achieve on the order of 630 degrees
for friction material, greatly increasing the self-ener-
gizing factor.

b. No repositioning of shoes is needed during reversal of
bracing forces.

c. Woven material can be used for the friction material.

d. Cooling of the friction material is greatly increased.

e. Band brake type assemblies are relatively easy to
manufacture, assemble, and install, including in large
diameters.

It is to be understood that BRFD 10 can be implemented
as the sole damping device (whether a single BRFD 10 or
plural BRFDs 10). But as diagrammatically illustrated in
FIGS. 2A and 2B, BRFD 10 can be implemented in parallel
or addition to other damping devices 120. FIGS. 2A and 2B
show separate damper 120 (with hydraulic piston 124) (in
dashed lines as an option). By design, one way to use the
parallel dampers 10 and 120 is as follows.

Hydraulic damper 120 (could be plural dampers 120)
could be configured to damp normal building movement. An
example would be normal wind events that cause some
building movement. Such hydraulic dampers are relatively
simple and economical, especially for those events.

BRFD(s) 10 could be configured to damp abnormal
events. An example is a seismic event. The applied force
could be pre-set to a value determined based on design
considerations of the structure and the device for such
purposes. For example, in the designer deemed acceptable,
the applied force could be preset to apply a contact pressure
at the friction material of 45 Ibs/in®>. This could vary,
however, according to need or desire.

Thus, a dual damper system (damper(s) 120 and
damper(s) 10), both relatively economical, could cooperate
in this fashion for a long-lasting damping solution over a
range of forces causing building movement; both normal
and abnormal.

E. Supplemental Description of BRFD

For further understanding of aspects of the invention,
additional discussion of BRFD 10 is set forth below, includ-
ing technical underpinnings and design/operational charac-
teristics. Reference to FIGS. 1-22A-D will also be made in
this description. This discussion will allow the reader to
better understand the principles of operation and how the
design could be varied for different applications.
Introduction

As mentioned earlier, passive supplemental damping
devices have become widely accepted in structural engi-
neering for natural hazard mitigation. However, they are
typically only applicable to a limited bandwidth of excita-
tions because their damping forces cannot be varied post
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manufacturing. Active dampers are possible alternatives to
provide higher mitigation performance. Nevertheless, they
require large external power sources that may not be avail-
able during or after a natural hazard, have the potential to
destabilize a system, and can be expensive to operate during
sustained wind events. Connor and Laflamme (2014) (for
this and other citations that follow, see References section
infra.).

Semi-active damping strategies combine some of the
benefits of passive and active strategies. They are purely
reactive systems, in the sense that they cannot add energy to
the control system, and can alter their mechanical properties
to provide additional controllability using a fraction of the
power required by active strategies. Semi-active devices are
divided into four classes: variable stiffness (see, e.g., Liu et
al. (2008); He et al. (2001)), variable orifices (see, e¢.g., Yang
et al. (2007)), variable fluid (see, e.g., Yoshida and Dyke
(2004)), and variable friction (see, e.g., Spencer Jr and
Nagarajaiah (2003)) devices. Citations here and throughout
are itemized in the References, infra. and incorporated by
reference in their entireties.

In particular, variable friction devices are capable of high
energy dissipation, independent of velocity by dissipating
mechanical energy into heat via a friction force that is
controlled by an actuator varying the normal force.
Examples of actuators used in variable friction devices
include pneumatic (see, e.g., Vesselenyi et al. (2007), Meh-
mood et al. (2011)), hydraulic (see, e.g., Kannan et al.
(1995)), electro-magnetic (see, e.g., Lorenz et al. (2006),
Yang and Agrawal (2002)), electro-mechanical (see, e.g.,
Narasimhan and Nagarajaiah (2006), Kawamoto et al.
(2008), and piezoelectric (see, e.g., Chen and Chen (2004),
Lu and Lin (2009), Durmaz et al. (2002), Xu and Ng
(2008)). This controllability of the normal force minimizes
obstacles found in passive friction devices, namely the
response produced by the strong nonlinear behavior, degra-
dation of sliding interface, and cold weld (see, e.g., Mualla
and Belev (2002), Symans et al. (2008)).

Literature counts several examples of working variable
friction prototypes for structural control applications.
Agrawal et al. (Agrawal and Yang (2000)) studied a semi-
active electromagnetic friction damper, which consists of
one friction pad and two steel plates, with a demonstrated 25
kN (5.5 kips) maximum force. The normal force was
adjusted by changing the electric current supplied to the
plates. Ref. Narasimhan and Nagarajaiah (2006) introduced
the semi-active independently variable friction device, with
a 25 kN (5.5 kips) maximum damping force provided by an
electromechanical actuator. Reference Lu and Lin (2009)
investigated a piezoelectric friction device (PFD) of 0.5 kN
(2.2 kips) damping capacity. More recently, Dai et al. (2012)
developed an electromagnetic friction damper device (EFD)
of 1.1 kN (0.25 kips) damping capacity.

Despite these significant efforts to produce semi-active
friction devices suited to structural control applications,
combined with studies demonstrating their economic advan-
tages over passive systems (see References Laflamme et al.
(2011b); Karavasilis et al. (2012); Chae et al. (2013) for
instance), their implementation has remained limited. This
could be due to low damping capability and the lack of
mechanically reliable technologies of the available tech-
nologies Cao et al. (2015).

In an effort to provide both a high damping capacity and
high mechanical reliability, recently proposed was a variable
friction device based on an automotive dual servo drum
brake technology. The technology, termed the Modified
Friction Device (MFD) was theoretically presented and a
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prototype fabricated and demonstrated in Reference Cao et
al. (2015). While the prototype was a small scale version
constructed from a 200 mm (8 in) automotive duo-servo
drum brake, a key feature found in the experimental verifi-
cation was a discontinuity of the friction dynamics when the
rotation reversed due to the internal layout of the braking
shoes and bracing pins. This discontinuity led to a sharp
reduction in the damping force provided during a substantial
portion of a damping cycle. Under specific conditions of
limited displacement, the damper was found to provide very
limited damping force, irrespective of the input force. The
maximum damping force obtained from the prototype was
3.1 kN (0.7 kip).

The present invention relates to a different rotating vari-
able friction damper based on band brake technology. The
device, termed Banded Rotary Friction Device (BRFD), is
designed to provide a maximum damping force of one order
of magnitude higher than, while overcoming the limitations
found in the dynamics of the MFD. The following discus-
sion presents the BRFD, and experimentally verifies its
performance. The 3-stage dynamic model developed in
Reference Cao et al. (2015) is used to characterize its
behavior.

The discussion is organized as follows. The next section
introduces the BRFD and provides its theoretical back-
ground. The subsequent section presents the 3-stage
dynamic model used in the characterization of the device’s
dynamic behavior. The following section discusses the
experimental methodology and the prototyping of the
BRFD, and presents and discusses experimental results. The
last section concludes by providing a summary of the
findings.

Banded Rotary Friction Device

The BRFD is based on existing band brake technology. A
band brake is a robust and reliable technology capable of
providing dependable and predictable braking forces, having
seen extensive use in mining and marine mooring applica-
tions Rauscher (1922); Han et al. (2011); Johnson and
Lucker Jr (1984). The BRFD is a double band brake system,
which consists of a band lined with a friction material,
doubled wrapped around a drum as shown in FIGS. 1 and 3.
It is capable of providing variable braking torques as a linear
function of an applied force, which is significantly amplified
by the brakes positive servo effect.

A 45 kN (10 kips) capacity prototype 10 was fabricated
based on the schematic shown in FIG. 1. The band 30 is
wrapped 670 degrees around a steel drum 20, and anchored
at both ends 32 and 34 (see FIGS. 17A-C). One end 32 of
the band contains an actuation mechanism 50 consisting of
a threaded rod 60 for the purpose of varying the force
applied to the band brake 10. The prototype 10 has been
designed to be installed within a structural bracing scheme
78. Such implementation scheme is discussed in what fol-
lows.

Implementation within a Structural System

The BRFD 10 is designed to transform axial displacement
into a rotation 6. The device 10 can therefore be integrated
within a multiplicity of structural control schemes, including
hybrid base-isolation systems, semi-active tuned mass
dampers, and bracing elements. FIGS. 2A and B show the
BRFD 10 installed in two possible configurations. FIG. 2A
is a chevron system 80 that transduces interstory drift 9 (via
brace members 82 and 84) into rotation 6 of the BRFD via
the addition of a connecting link 70. FIG. 2B is a toggle
bracing configuration 90. The toggle bracing (including
members 92 and 94) is used in structural motion engineering
to amplify the interstory drift Taylor (2000). While more
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expensive than a typical chevron system, a toggle bracing
system would allow the BRFD to reach a maximum fric-
tional force faster and reduce the heat intensity on the
friction material, thus increasing the mitigation performance
of the device. In both configurations, the interstory drift
d=x/H, where x and H are the lateral displacement of the
floor deck and the story height, respectively, is used to obtain
an expression for the linear displacement y;

y=0ry ey
where r, is the distance from the center of the drum to the
brace connection. For the chevron configuration where y=x
the rotation can be derived as

@

For the toggle configuration, assuming small displace-
ments, it can be shown that Constantinou et al. (2001)

B sin(@) (3)
~ cos(a + By '
or
sinf@) &-H 4

Tois@t B) 1y

Equations (2) and (4) can be used in a performance-based
design procedure Connor and Laflamme (2014). The fol-
lowing section derives the equations governing the BRFD
friction mechanism.
Friction Mechanism

The friction force of the BRFD is generated by the drum
rotating through the stationary band. The band is anchored
at one end 32 (called the slack end), where an input force
(Fpprica) 15 applied, resulting in a reactionary force
(F,puerion) @t the opposite end 34, as shown in FIG. 3. When
rotation of the drum 20 is initiated, a friction force (Fj;.0n)
opposing the rotation of the drum 20 is generated, and the
band 30 experiences an equal force acting in the opposite
direction. This force causes the band 30 to experience an
elastic deformation and displacement in the direction of the
drum rotation. As the tension in the band 30 increases
towards the fixed end 34, the band 30 wraps tightly around
the drum 20, creating the positive servo effect, also known
as the self-energizing effect. This phenomenon increases the
contact pressure of the friction material 36 linearly with
respect to the angular displacement from the point of the
applied force on the drum Baker (1992). The continuously
changing contact pressure between the band 30 and the drum
20 is shown in FIG. 3. The contact pressure increases
uniformly from form p, to Py,

For the mathematical model, it is assumed that the outer
drum surface has a uniform curvature and the band conforms
evenly to the drum surface. The initial asymmetry due to the
elastic deformation of the band material is not considered.
The forces F, em Froacrion @04 Fgppir, can be related to
each other as follows. The relationship between the forces
acting on the band ends (F +&F ) is expressed as

applie reaction

F,

= —eM0
veaction L applied €

®
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where £ and p represent the band wrap in radians and the
friction coeflicient of the friction material, respectively. The
forces acting on the band are in equilibrium, as shown in
equation 6. Using the known relationship between
F &F equations 7 & 8 can be derived:

reaction applied’

F,

veaction—E friciiontE applied

Q)

F _ Fpicion - €" ¢ Q)
veaction = —
(e#d —1)
Fpiction )

Foppiied @ - 1)

As demonstrated in equation 6, the friction force F,, ...,
is independent of the drum radius r. The braking torque T can
be expressed as T=F, ., T. It generates a damping force

Fdamping

T Fpriction-r )

Fiamping = — =
mping =+ -

From Equation 9, the device’s mechanical advantage C is
derived as:

Faamping (10)

C= =(eu¢_1).(i)

Foppiied rp

where F 067 apprica Avallone et al. (1996). The mechani-
cal advantage C is a function of the constants £ (expressed
in radians), p, r and r,. It follows that F,,,,;,, is a linear
response of F,, .., amplified by the constant C.

A schematic of the side view of the BRFD 10 is shown in
FIG. 4, where forces w, and w, can be either (F,,,;..) or
(F, o perion) depending on the direction of rotation of the drum.
This design implementation allows for the damper to take
advantage of the positive servo effect in both directions of
rotation. The BRFD 10 is designed to sit on two support legs
1413A and B that produce opposite forces F,, . that coun-
teracts the moment produced by the friction forces on the
drum 20, resulting in a zero moment gain in the supporting
substructure.

Prototype

A prototype of the BRFD from the schematic shown in
FIG. 1 was fabricated to verify its performance at producing
high damping forces. The design parameters are listed in
table 1. An illustration of the prototype is shown in FIG. 6.

TABLE 1

Design parameters of the BRFD prototype

Parameter Value

Drum diameter 0.30 m (12 in)
Damping radius (r;) 0.10 m (4 in)
Drum material A-53 steel

Total band brake length 2.13 meters (84 in)
Band thickness 3.2 mm (& in)
Coeflicient of friction (i) 0.39
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TABLE 1-continued

Design parameters of the BRFD prototype

Parameter Value
Band brake wrap 670°
Mechanical advantage (C) 142

Dynamic Model

A 3-stage dynamic model based on a modified LuGre
model in Reference Cao et al. (2015) for characterizing the
friction behavior of the first generation of rotary damping
device (i.e., the MFD) was used. This particular dynamic
model was useful at characterizing the drop in force that
occurs when the rotation of the drum is reversed. As it will
be observed in the experimental results, the BRFD 10 still
exhibits a small drop in force upon reversal, and the 3-stage
dynamic model still applies. This can be observed in FIGS.
5A and B under “stage 2. This drop in the force is a product
of the rearrangement of the device’s components and forces
caused by the changing direction of the brake drum, termed
backlash. Four major sources of backlash in the BRFD
prototype are as follows:

1. Elastic deformation of the band that occurs during the
initial drum rotation.

2. Deviations of the band from a uniform curvature
encasing the drum, causing non-uniformed strain in the
metal band;

3. Curvature present where the band connects to the
supporting linkage the curvature of the band in the
connecting region changes when the force changes
from (F,, 5eq) © (Freperion), tesulting in an elastic
deformation of the band.

4. Deflection of the base and legs supporting the rotating
drum.

The 3-stage dynamic model allows for the accurate mod-
eling of the hysteretic behavior, including the stiffness
region developed by the BRFD’s backlash. FIGS. 5A and B
are plots of a typical force loop of the BRFD, divided into
3 stages:

Stage 1 (Node 1 fi Node 2)—The system is in a typical
dynamic friction mode. The friction force F, is char-
acterized using a LuGre friction model. This stage
occurs until rotation is reversed and the frictional force
is lost.

Stage 2 (Node 2 fi Node 3)—The linear force F, is
characterized as being proportional to a stiffness ele-
ment k,. This stage occurs over a drum displacement
d,. The length of this stage is governed by the amount
of backlash present in the device.

Stage 3 (Node 3 fi Node 1)—The force F; is characterized
as being proportional to a stiffness element k;. This
stage occurs over a drum displacement d, after the
backlash gap has been taken up by the rotating drum.

The LuGre friction model was selected to characterize the
device’s 10 friction mode due to its capacity to model the
stick-slip motion and the Stribeck effect Olsson et al. (1998).
The LuGre model has been applied to a wide range of
systems due to its computational simplicity Altpeter (1999);
De Wit and Lischinsky (1998); Shiriaev et al. (2003);
Lischinsky et al. (1999). Under this model, the friction force
is written
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Fpricion = 00 + 012+ 028 (1D
; 121
t={-00——2
)

where 0, is a constant representing the aggregate bristle
stiffness, o, is the microdamping, o, is the viscous friction,
7 is an evolutionary variable, =0 and ¢ are the BRFD’s
surface displacement and velocity, respectively, and g(%) is
a function used to describe the Stribeck effect

a0 (12)
g =F+(F, - Fc)e’[%?]

where X is a constant representing the Stribeck velocity, F_,
is the static friction force, and F_ the kinetic friction force.
A smoothing function is introduced to the transition
region between each dynamic stage. It consists of a C”
function of the following type Laflamme et al. (2011a):

1 a3

where T, is the reference displacement of the new stage, and
1, 2 are constants. For instance, the total force F during the
transition from stage i to stage j is written

F=(1-m@)F +mQF; (14)

where I, _ is the total force computed using the definition of
stage i; j. Note that the amplitude of the damping force of the
prototype is not symmetric as a function of the rotational
direction. This can be explained by the asymmetries in the
friction material and band. A proper break-in procedure
should significantly reduce or eliminate the unsymmetrical
damping dynamics. Here, the static and dynamic friction
force coeflicients are separated in between forward (F, 5,
and F_4,,) and backward (F,,,,,, and F_,,,,) components.
Laboratory Verification

Methodology

The prototype BRFD was mounted in a servo-hydraulic
testing machine to characterize its dynamic behavior. A
screw-activated tensioner was developed and attached to one
side of the band. A load cell was placed under the activation
mechanism (FIG. 1) for measuring the applied force and the
reaction force upon reversal of the drum 20. The damping
force was measured via a load cell located in the head of the
testing machine (not shown). The test setup is shown in FIG.
6, with the BRFD in its fully un-actuated position. The
testing of the BRFD 10 was limited to its designed 45 kN (10
kips) damping force capacity.

The prototype was subjected to displacement-controlled
harmonic excitations of 25.4 mm (1 in) amplitude at four
different frequencies: 0.05, 0.1, 0.2, and 0.5 Hz. Five dif-
ferent input forces (F,,,,.,) were investigated: 35 (8), 53
(12), 66 (15), 133 (30) and 267 N (60 1bs), where 35 N (8
Ibs) is the minimum force available from the actuation
mechanism and 267 N (60 Ibs) corresponds approximately
to the maximum capacity. A total of 20 tests were performed.
Model Parameters

The 3-stage dynamic model parameters were identified by
minimizing the performance function J, consisting of the
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fitting error between the estimated force from the model
F and experimental data F, for each test k:

Sfriction Viction
15

where |||, is the 2-norm. This minimization was con-
ducted in MATLAB by using the command fminsearch
under various arbitrary (and physically realistic) initial con-
ditions. Model parameters set as dependent on the applied
force (F,,;;.4) are the static friction F, the dynamic friction
F_, and the aggregate bristle stiffness o,. Table 2 lists the
average values of the application force dependent model
parameter, obtained from experimental results. These aver-
age values exhibit a linear and amplified response to the
force input. This linearity would typically be modeled and
used in a model fitting task. However, given the relativity
low number of tested application forces, a linear fit of the
results produces a high level of error on the estimation of the
parameters. Therefore, only the average values listed in
Table 2 are currently utilized to fit the experimental values,

Ji= ‘F fn‘czion,k—F friction ,k‘ b

instead of a function F ;). sumoway =1 4ppries) TOT instance.
TABLE 2
Application force dependent model parameters

Parameter 35N 53N 66N 133N 267N
Fe, fwd (kN) 0.805 1.91 13.3 22.7 37.3
Fc, bwd (kN) 0.538 0.521 3.11 13.4 37.8
Fs, fwd (Kn) 0.894 2.23 14.2 23.6 39.1
Fs, bwd (kN) 0.619 0.579 3.33 14.2 44.5
O (KN - ) 525 613 1490 5694 9198

values from Table 2. However, given the variability in the
data explained above, there would be an important variabil-
ity in the experimental C computed for each test. To serve as
a preliminary comparison with theory, it is best to use the
values at the highest level of force input, for which the band
brake is the tightest and its angle is the most constant. For
instance, FIGS. 7A-C show the changing band tension for
applied forces of 35, 66, and 267 N. The change in force
results in a change in the gap between the friction material
on the outer bands and the drum. These changes are a
function of the force applied to the band end. These frames
were taken while the drum was in a backwards (clockwise)
rotation, where the two exterior bands are acting as the fixed
or reactionary ends.

Table 3 lists the C values for the forward rotation (Cy,,)
and backward rotation (C,,,,) of the drum, along with the
experimental friction coefficient (C,,,) derived using Bqua-
tion 10 for both rotational directions. The experimental
results show an agreement with design values. The lower C
value for the backward rotation may be attributed to the
asymmetries in the metal band and the adhered friction
material.

TABLE 3

Validation of design parameters

Parameter Test value Design value
(Chua) 145 142
(Coa) 126 142

Wpng 0.42 0.39
Wonwa 0.41 0.39

Fitting Results
FIGS. 8A-B and 9A-B are plots of the experimental data
fitting with the 3-stage model for 0.05 and 0.50 Hz excita-
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tions, respectively, under various levels of force inputs (35,
53, 66, 133, and 267 N). The model shows good agreement
with the experimental data for all of the applied forces.
There is a loss in fitting performance at higher frequency due
to chattering in the device. Another notable feature in the
0.50 Hz excitation data is an unmodeled hump that occurs
when the BRFD reverses, at a maximum force input (267 N)
and less apparently at 133 N. This hump is likely due to an
over-tension of the braking mechanism followed by slip-
page. This hump is likely due to slippage of the friction
material due to deviations in the brake band. FIGS. 10A-B
compares the responses under various excitation frequencies
under a 133 N force input. Results are typical of other force
inputs. The model shows good agreement with the experi-
ment data for all frequency, with a decrease in the fitting
performance under larger frequencies. This is consistent
with the previous results.

Table 4 reports the root mean square error (RMSE) of the
fitting results for the 3-stage dynamic model. Results are
compared with a pure LuGre friction model optimized
following a similar methodology than for the 3-stage model.
The listed RMSE confirm the performance of the 3-stage
dynamic model discussed above. The pure LuGre model
shows similar performance under a 53 N (12 1bs), with a
substantially worst performance in the fitting of experimen-
tal data for higher load inputs. This comparison demon-
strates the necessity to still use the 3-stage dynamic model
to characterize the behavior of the BRFD, even though the
device was engineered to function in a pure friction mode,

due to the device’s backlash that is yet to be eliminated.
TABLE 4
Comparison of fitting RMSE
0.05 Hz 0.1 Hz 0.2 Hz 0.5 Hz

Force  3- 3- 3- 3-

input stage LuGre stage LuGre stage LuGre stage LuGre

35N 5.96 15.4 6.98 13.3 8.81 21.1 14.3 29.3

53N 3.07 538 3.25 538 351 6.00  3.34 5.47

66 N 454 445 2.80 407 245 551 4.00 100
133N 7356 763 157 127 441 462 278 117
267N 556 115 9.56 589 120 405 227 126

Lastly, FIGS. 11A-B show the modeled force-displace-
ment and force-velocity plots of the BRFD in terms of %
force, where 35 N (8 Ibs) is taken as 0%. For completeness,
various force input results are compared against the modeled
dynamic behavior of the first-generation rotary damping
system (the MFD) in FIGS. 12A-B. The backlash region is
indicated on the figures, along with the dynamic range under
maximum force input. The backlash of the BRFD is reduced
from 12 mm to 2 mm, while the dynamic range is increased
from 5.55 kN to 79.0 kN. This demonstrates that the
backlash effect has been substantially minimized, and that
the BRFD is capable of producing a one order of magnitude
higher damping force.

CONCLUSION

A variable friction damper for structural control applica-
tions is presented. The device, termed Banded Rotary Fric-
tion Device (BRFD), is based band brake technology. This
makes the BRFD a mechanically robust, semi-active damp-
ing system. It is capable of providing large damping forces
with a substantially lower application force due to its
positive servo effect.
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A prototype of the BRFD was fabricated and experimen-
tally validated. The dynamic tests were conducted under
harmonic loads at different frequencies and application
forces. Results show that the prototype BRFD is capable of
producing a 45 kN (10 kips) damping force. A 3-stage
dynamic model was introduced and model parameters were
identified based on test results. Results show that the model
could be used to accurately model the dynamic behavior of
the device. The experimental value of mechanical advantage
shows that the device was capable of a force amplification
in the range of 125-150 times the applied force. These
numbers showed agreement with theoretical values.

The validated prototype and friction model presented
supports the implementation of semi-active friction devices.
The BRFD was specifically engineered to minimize the
backlash effect and increase the maximum damping force by
an order of magnitude relative the MFD. Results showed
that the BRFD has been successful at attaining both objec-
tives, therefore making it a mechanically robust device
capable of high variable friction force.
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F. Options and Alternatives

It is to be appreciated that the invention can take a variety
of forms and embodiments. The foregoing examples are but
a few. Variations obvious to those skilled in the art will be
included within the invention which is defined solely by its
claims.

A variety of options and alternatives have been discussed
above. Much of that description includes discussion of
general concepts and how they can be implemented in a
band brake type damping device for structures. Those skilled
in the art will be instructed how band brake type and
damping device can be constructed, configured, and applied
in a variety of situations. However, for additional examples
of options and alternatives, some non-limiting examples are
set forth below.

What is sometimes called the frame for the BRFD
embodiment is essentially a mounting for the band brake and
connection of the opposite ends of the band. It can be a plate,
an assembly of different plates or components, or otherwise.
It can have mounting interfaces or ability to other structures.
It could be a part of another structure or the structure it is
damping.

What is sometimes called the base is usually referring to
some mass related to the structure being damped or a support
for that structure. Non-limiting examples are building foun-
dations, tethers or anchors, pilings such as for bridges, and
the like.

It is to be understood that orientation of the BRFD to the
structure being damped can vary. In some of the foregoing
examples, the BRFD is mounted down at the base or
basement of the structure and is connected or tied into the
building vertically or obliquely upwardly. However, (e.g.
see FIG. 24) it could be lateral or more horizontally tied into
a structure (here a bridge). It is to be understood that the
relationship or orientations can be in any relationship in xyz
space. The BRFD could be above or below or lateral to tie
into the structure.

The drum, its rotational support, and its tie-in can vary
according to need or desire, as well as its scale.
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The band for the drum could take on many configurations.
Several have been discussed above.

The tie-in or linkage between the drum and the structure
can vary widely. The figures show only a few examples.
Such tie-in of the drum to the structure generally relates to
changing displacement of the structure to rotation.

Examples of parallel or separate damping systems with
which the invention could be used have been discussed. It is
to be understood that they could take many forms and
embodiments. Hydraulic dampers have been mentioned.
However, stiffeners (deformable devices) are possible as are
fluid based dampers. Those skilled in the art know the array
of different possible parallel dampers. The examples given
here are non-limiting to the possibilities. Furthermore,
examples have been made as to what magnitudes or types of
forces the invention would handle versus the other damper.
It is to be understood that the BRFD type device according
to the invention could handle one type or magnitude of
forces on the structure and the non-BRFD type device
handle another magnitude or type of forces on the structure.
Those forces could be different, the same, one higher than
the other, or one lower than the other. The designer could
elect how to make the dampers cooperate and for what
conditions according to need or desire.

For example, frictional band or drum brake configurations
are possible at various scales and configurations. Single
devices 10 can be placed on or at the base of a building or
other structure. Single devices 10 can damp at least certain
building movements. Multiple devices 10 might be placed
on the same base of the same building to damp in different
directions. Additionally, devices 10 could be placed at each
floor deck of multiple floors. Still further, the specific
dimensions and configurations of the band and drum could
vary. (A single band instead of the single/double ended band
is possible). As indicated earlier, scaling up of the diameter
of the drum of the BRFD will increase the damping forces.
The increase should be at least roughly proportional. Com-
ponent materials and configuration may have to be strength-
ened in kind to accept additional forces. For some applica-
tions, the BRFD could be scaled down from that of
prototype 10.

Different tensioning actuators are possible. However, it is
possible the BRFD could be used without one.

FIGS. 23-29 illustrate other possible alternatives or
options. For example, the BRFD could be placed in a
building in other locations than at or near a base or foun-
dation. FIG. 23 shows diagrammatically BFRD 10 could be
placed at various elevations in the building 100, not just at
or near base or foundation 102. This highly diagrammatic
schematic of FIG. 23 is intended simply to show that
multiple BRFD type devices according to aspects of the
invention could be placed in different positions in the same
structure or a single such device in various positions relative
the structure.

As mentioned, the techniques of the BRFD could be
applied to structures other than buildings. A BRFD 10 could
be placed at or near footings 202 of a bridge 200 (see FIG.
24). As can be appreciated, the bridge 200 can have a mass
that could be normally supported on some piling or base or
foundation 202 (which could be separated by isolation
bearings such as shown in FIG. 24). Another part of base 202
could support the frames for plural BRFDs 10A and 10B,
which could be connected by tie-in linkages 70 to brackets
204 originally connected to the bridge 200.

A BRFD 10 could be operatively installed at the base or
foundation 302 of a wind turbine 300. As can be seen in
FIGS. 25A and B, BRFD 10 could be fixed to some portion
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of' base 302 and tied in by 70 to the pole of the wind turbine
300. FIGS. 25A and B are shown with the interior of the pole
exposed to show placement of BRFD 10 inside it. That
portion would normally be covered but there could be an
access door to the interior.

BRFDs 10 could be operatively installed at the pilings
402 of an off-shore structure 400. FIGS. 26 A and B show an
off-shore structure 400 that could support a super structure
(one example is a wind turbine 300). Off-shore structure 400
could be supported by pilings 402. BRFD 10 could be
mounted on one of those pilings (or a separate frame 302)
and have tie-in 70 to the off-shore structure as illustrated.
FIG. 26A is a diagrammatic depiction (not to scale) to show
the combination. FIG. 26B is an enlargement of the off-shore
structure 400 and BRFD 10. An example of a floating
off-shore structure can be seen at U.S. Pat. No. 4,457,250,
which is incorporated by reference herein.

FIG. 27 illustrates schematically that an off-shore struc-
ture 400 could be buoyant or floating. It could be tethered
(e.g. by tethers 407) to a piling 402 in the ocean floor. A
BRFD 10 could be mounted on piling 402 and/or other
support 405 with a tie-in 70 to buoyant submerged pontoons
403.

These illustrate how the BRFD could be implemented in
analogous ways to other engineered structures.

FIG. 28 illustrates BRFDs 10 applied to tuned mass
isolation systems. As illustrated, these can be applied to
structures including but not limited to tall buildings or
bridges. A large tuned mass block 500 (often several hun-
dreds of tons in weight) is suspended from a frame. For
example, it would be suspended from a frame in the upper
floors of a building. In the present state of the art, large
hydraulic dampers are used to control motion of the mass in
the x-y plane. They can be mounted underneath the mass for
direct action or alongside the mass in a diagonal fashion. In
many cases, such dampers must have a lock-out mechanism
added to keep the mass from moving during an extreme
wind event where life safety rather than occupant comfort is
needed. Tuned mass isolation systems are more often used
for reduction of wind motions than seismic events. BRFDs
10 could be used in place of or to augment performance of
hydraulic dampers. Bridges often use moderate numbers of
modular tuned mass isolation dampers to reduce vehicle or
pedestrian motions on the bridge structure. As illustrated in
FIG. 28, plural BRFDs 10 could be used for each tuned mass
isolation system. Mounting brackets 504 would connect
linkages or tie-ins 70 to the rotating cylinders 20 of devices
10A-D to the mass block 500. As can be appreciated,
linkages or tie-ins 70A-D can be connected by brackets 504
to BRFDs 10A-D. Mass block 500 can be suspended on such
things as cables 506. An example of a tuned mass can be
seen at U.S. Pat. No. 5,560,161, which is incorporated by
reference herein.

As mentioned previously, FIG. 29 shows essentially the
same BRFD as in FIGS. 1 and 14A. This BRFD 10' differs
in that instead of the actuator 50 of those earlier figures, an
actuator 50" is utilized. In this example, actuator 50' replaces
the band lever arm tensioner of FIGS. 1 and 14A with a
simple linear, hydraulic, or screw type actuator such as are
commercially available.

What is claimed is:

1. A damping system for an earth-anchored structure
having a range of movement, oscillation, or vibration com-
prising:

a. a base;

b. a structure comprising a relatively large load anchored

to and above the base, the structure comprising one of:
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a building, a bridge, a wind turbine, an off-shore
structure, a floating off-shore structure; and a tuned
mass isolation system;

c. a fixed mount at, in, or near the structure;

d. at least one tie-in member connected to a portion of the
structure;

e. a damping apparatus at and operably connected
between the fixed mount and the tie-in member, the
damping apparatus comprising
i. a banded rotary friction device wherein the banded

rotary friction device comprises:
1. a band brake comprising;

a. a drum rotatable with structure directional
movement, vibration, or oscillation transferred
via the tie-in member to the drum;

b. a band with a frictional surface wrapped around
the drum;

c. the band having opposite ends each of which is
secured to the fixed mount;

f. so that the one or more of directional movement,
vibration, or oscillation of the structure relative to earth
is damped by the damping apparatus.

2. The system of claim 1 wherein the band is wrapped

around at least a portion of the drum.

3. The system of claim 1 wherein the frictional surface:

. 1s bonded or riveted to the band;

. is woven.

. The system of claim 1 wherein the band comprises:

. a first section comprised of a single band;

. a second section of two parallel, spaced apart single
bands;

c. wherein the two bands of the second section have distal
ends secured to the fixed mount and the single band of
the first section has a distal end, opposite the distal end
of the second section, which is connected to a variable
tension actuator, wherein the variable tension actuator
applies variable tangential force to the drum.

. The system of claim 1 in combination with one or more

o RARoCD
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of:

. an inertial system;

. a base isolation system;

. a tuned mass isolation system;

. a second damping system operatively installed relative
to the structure.

6. The system of claim 5 wherein the second damping
system comprises a banded rotary friction device.

7. The system of claim 5 wherein the second damping
system comprises a hydraulic damping device.

8. The system of claim 6 wherein:

a. the second damping system is configured to damp a first

magnitude of forces experienced by the structure; and

b. the damping system comprising the banded rotary
friction device is configured to damp a second magni-
tude of forces experienced by the structure.

9. A method of damping displacement of an earth-an-
chored structure having a range of movement, oscillation, or
vibration comprising:

a. a base;

b. providing a structure comprising a relatively large load
anchored to and above the base, the structure compris-
ing one of: a building, a bridge, a wind turbine, an
off-shore structure, a floating off-shore structure; and a
tuned mass isolation system;

c. fixing a frame at, in, or near the structure;

d. changing displacement of the structure into a rotation
wherein the step of changing displacement into a
rotation comprises:

oo o
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1. linking the structure to a cylinder, the cylinder having
a fixed rotational axis;
ii. such that axial displacement of the structure causes
proportional cylinder rotation; and
e. resisting the rotation with a frictional force generated
by the cylinder rotating through a stationary band
having opposite ends each of which is secured to the
frame;
f. to create a self-energizing, positive servo effect in either

direction of rotation to damp the displacement of the 10

structure relative its earth-anchoring wherein the damp-
ing is used for:

1. structural control;

ii. mitigation of natural disasters;

iii. wind load; or

iv. mass loading in or on the structure.

10. The method of claim 9 wherein the linking comprises
a connection off-set from the cylinder rotational axis to
convert structure movement to cylinder rotation.

11. The method of claim 10 wherein the linking is through
one of:

a. a chevron configuration; and

b. a toggle configuration.

12. The method of claim 9 the amount of frictional force
is controllable based upon characteristics of the band rela-
tive the cylinder, the characteristics including:

a. amount of tension on the band;

b. surface area of the band relative to the cylinder;

c. coefficient of friction between the band and the cylin-

der;

d. amount of wrapping of the band around the cylinder;
and

e. size of the cylinder.

13. The method of claim 9 wherein the structure com-
prises a building with

at least one floor deck spaced above the base.

14. The method of claim 9 further comprising the step of
providing additional damping to the structure.

15. The method of claim 14 wherein the additional
damping is separate and different from the cylinder rotating
through the stationary band.

16. The method of claim 14 wherein the additional
damping is adapted to control a first magnitude or type of
forces on the structure and the cylinder rotating through the
band is adapted to control a second magnitude or type of
forces on the structure and/or improve mitigation perfor-
mance.

17. A damping device for earth-anchored structures hav-
ing a base and superstructure having a range of movement,
oscillation, or vibration relative the base or earth compris-
ing:

a. a frame having a mounting interface to fixedly mount

to the base;

b. a cylindrical drum having a diameter and rotatably
attached to the frame about a longitudinal axis;

c. a band with opposite ends wrapped greater than 360
degrees around the drum and each opposite end fixed to
the frame;

d. a linking location offset from the longitudinal axis of
the drum;

e. a link arm having a first end at the drum linking location
and a second end adapted for connection to the super-
structure wherein the superstructure comprises:

i. a building;

ii. a bridge;

iii. a wind turbine;

iv. an off-shore structure
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and further comprising:

1. a first connection on a side of the drum which
is offset from a rotational axis of the drum;

2. the link arm between the connection and a distal
end;

3. a second connection at the distal end of the link
arm adapted for connection to a structural brace
of or to the superstructure;

f. so that motion of the superstructure is translated into
rotational movement of the drum and rotational move-
ment of the drum is damped by a positive servo effect
between the drum and the band.

18. The device of claim 17 wherein one of the opposite

ends of the band is connected to a variable tensioner.

19. The device of claim 18 wherein the variable tensioner
comprises a lever, a linear actuator, and a force sensor,
wherein the actuator is controllable to place varying tension
on the band and the force sensor is adapted to measure
applied force on the band.

20. The device of claim 17 wherein the band is a flexible
steel with a friction surface on a drum side, and the opposite
ends comprise a single end and a double end, wherein the
single end wraps a portion of the drum and the double end
wraps on opposite sides of the single end.

21. The device of claim 17 wherein the drum diameter and
band characteristics are selected relative to amount of damp-
ing force desired.

22. The device of claim 21 wherein the amount of
damping force desired is dependent upon at least one of:

a. superstructure size; and

b. type of damping.

23. The device of claim 17 wherein the structural brace
comprises:

a. a chevron bracing; or

b. a toggle bracing.

24. The device of claim 17 in combination with a second
damping device adapted for parallel connection to the struc-
ture.

25. A damping system for a structure comprising:

a. a mount at, in, or near the structure;

b. at least one tie-in member connected to a portion of the

structure;

c. a damping apparatus at and operably connected
between the mount and the tie-in member, the damping
apparatus comprising
i. a banded rotary friction device;

d. in combination with one or more of:

i. an inertial system;

ii. a base isolation system;

iii. a tuned mass isolation system;

iv. a second damping system operatively installed rela-
tive to the structure;

wherein the second damping system comprises a hydrau-
lic damping device.

26. A damping device for structures having a base and

superstructure comprising:

a. a frame having a mounting interface to mount to the
base;

b. a cylindrical drum having a diameter and rotatably
attached to the frame about a longitudinal axis;

c. a band with opposite ends wrapped greater than 360
degrees around the drum and each opposite end fixed
relative the drum;

d. a linking location offset from the longitudinal axis of
the drum;
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e. a link arm having a first end at the drum linking location d. a linking location offset from the longitudinal axis of
and a second end adapted for connection to the super- the drum;

structure;
f. so that motion of the structure is translated into rota-
tional movement of the drum and rotational movement 5

e. alink arm having a first end at the drum linking location
and a second end adapted for connection to the super-

. .. structure;
of the drum is damped by a positive servo effect . . .
between the drum and the band: f. so that motion of the structure is translated into rota-
wherein one of the opposite en&s of the band is con- tional movement of the drum and rotational movement
nected to a variable tensioner and wherein the vari- of the drum is damped by a positive servo effect
able tensioner comprises a lever, a linear actuator, 10 between the drum and the band;
and a force sensor, wherein the actuator is control- further comprising:
lable to a pla.ce varying tension on the band and the a. a first connection on a side of the drum which is offset
flolrcle): seélsor is adapted to measure applied force on from a rotational axis of the drum;
the band. : : :
. . . b. a link arm between the connection and a distal end;
27. A damping device for structures having a base and . . .
superstructure comprising; 15 c. a second connectlop at the distal end of the link arm
a. a frame having a mounting interface to mount to the adapted for connection to a structural brace of or to the
base; superstructure;
b. a cylindrical drum having a diameter and rotatably wherein the structural brace comprises:

attached to the frame about a longitudinal axis;

c. a band with opposite ends wrapped greater than 360 20
degrees around the drum and each opposite end fixed
relative the drum; ® ok ok ok

a. a chevron bracing; or
b. a toggle bracing.



