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Abstract

Implementation of high performance controllable damping devices can ame-

liorate cost-effectiveness of structural systems for mitigation of natural haz-

ards. However, the applications of these damping systems are limited due

to a lack of 1) mechanical robustness; 2) electrical reliability; and 3) large

resisting force capability. To broaden the implementation of modern damp-

ing systems, a novel semi-active damping device is proposed. The device,

termed Banded Rotary Friction Device (BRFD), has enhanced applicability

compared to other proposed 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 applied force while enabling a variable control force.

The theoretical model of the BRFD is presented and experimentally verified

by subjecting a prototype to various harmonic loads. Results show that the

prototype BRFD is capable of a maximum force of 45 kN (10 kips) using only
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a 267 N (60 lb) actuation force, therefore providing a mechanical advantage

of 169. A 3-stage dynamic model previously developed by the authors can

successfully be used to model the dynamic behavior of the BRFD.

Keywords: Variable friction, semi-active device, structural control,

vibration mitigation, supplemental damping, modified friction device

1. Introduction1

Passive supplemental damping devices have become widely accepted in2

structural engineering for natural hazard mitigation [1, 2]. However, they are3

typically only applicable to a limited bandwidth of excitations because their4

damping forces cannot be varied post manufacturing. Active dampers are5

possible alternatives to provide higher mitigation performance. Nevertheless,6

they require large external power sources that may not be available during7

or after a natural hazard, have the potential to destabilize a system, and can8

be expensive to operate during sustained wind events [3].9

10

Semi-active damping strategies combine some of the benefits of passive11

and active strategies [4]. They are purely reactive systems, in the sense that12

they cannot add energy to the control system, and can alter their mechan-13

ical properties to provide additional controllability using a fraction of the14

power required by active strategies. Semi-active devices are divided into four15

classes: variable stiffness [5, 6], variable orifices [7], variable fluid [8] and16

variable friction [9] devices.17

18
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In particular, variable friction devices are capable of high energy dissipa-19

tion, independent of velocity by dissipating mechanical energy into heat via20

a friction force that is controlled by an actuator with a varying normal force.21

Examples of actuators used in variable friction devices include: pneumatic22

[10, 11], hydraulic [12], electro-magnetic [13, 14], electro-mechanical [15, 16]23

and piezoelectric [17, 18, 19, 20]. This controllability of the normal force24

minimizes obstacles found in passive friction devices, namely, the response25

produced by the strong nonlinear behavior, degradation of sliding interface,26

and cold weld [21, 2].27

28

Literature cites several examples of working variable friction prototypes29

for structural control applications. A semi-active independently variable fric-30

tion device possessing a 25 kN (5.5 kips) maximum damping force provided31

by an electromechanical actuator has been experimentally verified [15]. Oth-32

ers [18, 22] have investigated piezoelectric friction devices (PFD) of 0.5 kN33

(2.2 kips) and 25 kN (5.5 kips) damping force capacity, respectively. An34

electromagnetic friction damper device (EFD) having a 2.84 kN (0.64 kips)35

damping force capacity has also been developed [23].36

37

Despite these efforts to produce semi-active friction devices suited for38

structural control applications, combined with studies demonstrating their39

economic advantages over passive systems, (see [24, 25, 26]), their implemen-40

tation has remained limited. This could be due to low damping capability41

and the availability of mechanically reliable technologies [27].42

43
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In an effort to provide both high damping capacity and high mechanical44

reliability, the authors have recently proposed a variable friction device based45

on automotive dual servo drum brake technology. The technology, termed46

the Modified Friction Device (MFD) was theoretically presented and a pro-47

totype fabricated and demonstrated [27]. While the prototype was a small48

scale version constructed from a 200 mm (8 in) automotive duo-servo drum49

brake, a key feature found in the experimental verification was a discontinu-50

ity of the friction dynamics when the rotation reversed due to the internal51

layout of the braking shoes and bracing pins. This discontinuity led to a52

sharp reduction in the damping force provided during a substantial portion53

of a damping cycle. Under specific conditions of limited displacement, the54

damper was found to provide very limited damping force, irrespective of the55

applied force. The maximum damping force obtained from the prototype56

was 3.1 kN (0.7 kip).57

58

The objective of this paper is to introduce a second generation of rotary59

variable friction devices with substantially enhanced applicability to mitiga-60

tion of structural vibrations. This second generation device is designed to be61

capable of producing a damping force of one order of magnitude higher while62

overcoming the limitations found in the dynamics of the MFD and preserv-63

ing a simple and mechanically robust design. This novel device, presented64

for the first time, is based on band brake technology, and is termed Banded65

Rotary Friction Device (BRFD). Band brakes have been used in mining and66

marine mooring applications for decades [28, 29] and have proven to be a67

mechanically robust technology [30]. Their maintenance costs are known68
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to be limited due to their simple mechanics, no internal parts or hydraulic69

fluid, and the easy replacement/availability of friction material [31]. In this70

paper, the BRFD is introduced, and a working prototype is experimentally71

verified. The 3-stage dynamic model developed by the authors [27] is used72

to characterize its behavior.73

The paper is organized as follows. The next section introduces the BRFD74

and provides its theoretical background. This is followed by a presentation of75

a 3-stage dynamic model used in the characterization of the device’s dynamic76

behavior. The subsequent section discusses the experimental methodology77

and the prototyping of the BRFD, along with a presentation and discussion78

of the experimental results. The last section concludes the paper by provid-79

ing a summary of the findings.80

81

2. Banded Rotary Friction Device82

The BRFD utilizes existing band brake technology. A band brake is a83

robust and reliable friction brake consisting of a flexible band lined with fric-84

tion material that tightens concentrically around a cylindrical drum to slow85

or stop its rotation. The BRFD is a double band brake system, consisting of86

a band lined with a friction material [31], doubled wrapped around a drum,87

as shown in Fig. 1a. It is capable of providing variable braking torques as88

a linear function of an applied force, which is significantly amplified by the89

brake’s positive servo effect.90

91

A 45 kN (10 kips) capacity prototype was fabricated based on the schematic92
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shown in Fig. 1a. The flat double wrap band is illustrated in Fig. 1b. The93

band is lined with friction material and wrapped 670 degrees around the94

circumference of the steel drum and anchored at both ends. The single end95

of the band is attached to an actuation mechanism consisting of a threaded96

rod for the purpose of varying the force applied to the band brake, and the97

double end of the band is anchored to the rigid frame. The prototype has98

been designed to be installed within a structural bracing scheme. Such an99

implementation scheme is discussed below.100

101

2.1. Implementation within a Structural System102

The BRFD is designed to transform displacement into rotation, θ. The103

device can therefore be integrated within a multiplicity of structural control104

schemes, including hybrid base-isolation systems, semi-active tuned mass105

dampers, and bracing elements. Fig. 2 shows the BRFD installed in two106

possible configurations associated with a building lateral load resisting sys-107

tem. Fig. 2(a) is a chevron system that transduces interstory drift δ into108

rotation θ of the BRFD via the addition of a connecting link. Fig. 2(b) is a109

toggle bracing configuration. The toggle bracing is used in structural motion110

engineering to amplify the interstory drift [32]. While more expensive than a111

typical chevron system, a toggle bracing system allows the BRFD to reach a112

maximum frictional force faster and reduce the heat intensity on the friction113

material, thus increasing the mitigation performance of the device. In both114

configurations the inter story drift δ = x/H, where x and H are the lateral115

displacement of the floor and the story height, respectively. An expression116

for the linear displacement y can be written as117
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(a) double wrap band brake system

(b) double wrap band brake

Figure 1: banded rotary friction device
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y = θ · rb (1)

where rb is the distance from the center of the drum to the brace connection.118

For the chevron configuration where y = x the rotation can be derived as119

θ =
δ ·H
rb

(2)

For the toggle configuration, assuming small displacements, it can be120

shown that [33]121

y =
sin(α)

cos(α + β)
· x (3)

and122

θ =
sin(α)

cos(α + β)

δ ·H
rb

(4)

Eqs. (2) and (4) can be used in a performance-based design procedure [3].123

The following section derives the equations governing the BRFD friction124

mechanism.125

2.2. Friction Mechanism126

The friction force of the BRFD is generated by the drum rotating through127

the stationary band. The band is anchored at one end (called the slack end),128

where an input force (Fapplied) is applied to the band, resulting in a reac-129

tionary force (Freaction) at the opposite end, as shown in Fig. 3. When rota-130

tion of the drum is initiated, a friction force (Ffriction) is generated opposing131

the rotation of the drum at the interface between the friction material and132

the drum. This force causes the band to experience an elastic deformation133
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(a) chevron configuration (b) toggle configuration

Figure 2: Two possible configurations for the BRFD installed within a building’s lateral

load resisting structural system.

and displacement in the direction of the drum rotation. The forces present134

in the band are expressed as, [34]135

Freaction = Ffriction + Fapplied (5)

As the tension in the band increases towards the pinned end, the band136

wraps tightly around the drum, creating the positive servo effect, also known137

as the self-energizing effect. This phenomenon increases the contact pressure138

of the friction material linearly with respect to the angular displacement from139

the point of the applied force on the drum [34]. The continuously changing140

contact pressure between the band and the drum is shown in Fig. 3. The141

contact pressure increases uniformly from p0 to pmax.142

143
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For the mathematical model it is assumed that the drum surface has a144

uniform curvature and the band conforms evenly to the drum surface. The145

initial asymmetry due to the elastic deformation of the band material is not146

considered. The forces Fapplied, Freaction and Ffriction can be related to each147

other as follows. The relationship between the forces acting on the band ends148

(Fapplied and Freaction) is expressed as149

Freaction/Fapplied = eµφ (6)

where φ and µ represent the band wrap in radians and the friction coefficient150

of the friction material, respectively. Equations 5 and 6 can be combined to151

show152

Freaction =
Ffriction · eµφ

(eµφ − 1)
(7)

Fapplied =
Ffriction

(eµφ − 1)
(8)

It can be noted from Eq. (5) that the friction force Ffriction is independent153

of the drum radius r. However, a braking torque T can be expressed as154

T = Ffriction · r. This braking torque is used to generate a damping force,155

Fdamping,156

Fdamping =
T

rb
=
Ffriction · r

rb
(9)

where Fdamping is the force applied to the bracing element. From Eq. (9), the157

device’s mechanical advantage C is derived as:158
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Figure 3: Forces acting on the BRFD

C =
Fdamping

Fapplied

= (eµφ − 1) ·
(
r

rb

)
(10)

where Fdamping > Fapplied [35]. The mechanical advantage C is a function159

of the constants φ (expressed in radians), µ, r and rb, which are determined160

during the device’s design process. It follows that Fdamping is a linear response161

of Fapplied amplified by the constant C.162

163

A schematic of the side view of the BRFD is shown in Fig. 4, where forces164

w1 and w2 can be either (Fapplied) or (Freaction) depending on the direction of165
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Figure 4: Schematic of the side view of the BRFD

rotation of the drum. This design implementation allows for the damper to166

take advantage of the positive servo effect in both directions of rotation. The167

BRFD is designed to sit on two support legs that produce opposite forces Fleg168

that counteracts the moment produced by the friction forces on the drum.169

3. Dynamic Model170

The authors have previously proposed a 3-stage dynamic model based on171

a modified LuGre model [27] for characterizing the friction behavior of the172

first generation of a rotary damping device (i.e., the MFD). This particular173
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dynamic model was useful at characterizing the drop in force that occurs174

when the rotation of the drum is reversed. As it will be observed in the175

experimental results presented herein, the BRFD still exhibits a small drop176

in force upon reversal and the 3-stage dynamic model therefore still applies.177

This can be observed in Fig. 5 under “stage 2”. This drop in the force is a178

product of the rearrangement of the device’s components and forces caused179

by the change in direction of the brake drum, termed backlash. Four major180

sources of backlash in the BRFD prototype are as follows:181

1. Elastic deformation of the band that occurs during the initial drum182

rotation.183

2. Deviations of the band from an ideal uniform curvature encasing the184

drum, causing non-uniformed strain in the metal band;185

3. Excess curvature present were the band connects to the supporting link-186

age. The curvature of the band in the connecting region changes when187

the force changes from (Fapplied) to (Freaction), resulting in a changing188

chord length. This phenomenon can be seen in Fig 7.189

4. Deflection of the base and legs supporting the rotating drum.190

The 3-stage dynamic model allows for the accurate modeling of the hys-191

teretic behavior, including the stiffness region developed by the BRFD’s back-192

lash. Fig. 5 illustrate the three different stages through a plot of a typical193

dynamic response of the BRFD extracted from the experimental results un-194

der a harmonic displacement input of 25.4mm (1 in) amplitude, divided into195

3 stages:196
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� Stage 1 (location 1 −→ location 2) - The system is in a typical dynamic197

friction mode. The friction force associated with this stage, (F1), is198

characterized using a LuGre friction model. This stage occurs until199

rotation is reversed and the frictional force is lost.200

� Stage 2 (location 2 −→ location 3) - The linear force F2, associated with201

Stage 2 is characterized as being proportional to a stiffness element k2.202

This stage occurs over a drum displacement d2. The length of this stage203

is governed by the amount of backlash present in the device.204

� Stage 3 (location 3 −→ location 1) - The force F3 associated with this205

stage is characterized as being proportional to a stiffness element k3.206

This stage occurs over a drum displacement d3, after the backlash gap207

has been taken up by the rotating drum.208

The LuGre friction model was selected to characterize the device’s friction209

mode due to its capacity to model the stick-slip motion and the Stribeck effect210

[36]. The LuGre model has been applied to a wide range of systems due to211

its computational simplicity [37, 38, 39, 40]. Under this model, the friction212

force is written213

Ffriction = σ0z + σ1ż + σ2ζ̇ (11)

where,214

ż = ζ̇ − σ0
|ζ̇|
g(ζ̇)

z (12)

where σ0 is a constant representing the aggregate bristle stiffness, σ1 is the215

microdamping, σ2 is the viscous friction, z is an evolutionary variable, ζ̇ is216
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(a) (b)

Figure 5: Dynamic response of the BRFD under applied force of 133 N (30 lb) : (a)

force-displacement hysteretic response (0.2 Hz); and (b) force-velocity hysteretic response

(0.2 Hz).

the BRFD’s surface displacement and velocity, and g(ζ̇) is a function used217

to describe the Stribeck effect218

g(ζ̇) = Fc + (Fs − Fc)e−(
ζ̇
ẋs

)2 (13)

where ẋs is a constant representing the Stribeck velocity, Fs is the static219

friction force, and Fc the kinetic friction force. Fs is taken when the velocity220

of the device ζ̇ = 0, and Fc taken as the steady state force (when ζ̇ � xs).221

In Eq. (10) , ζ ≈ θ · r .222

A smoothing function is introduced to the transition region between each223

dynamic stage. It consists of a C∞ function of the following type [41]:224

m(ζ) =
1

1 + e
− γ1(ζ−ζ0)

γ2

(14)
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where ζ0 is the reference displacement of the new stage, and γ1, γ2 are con-225

stants. For instance, the total force F during the transition from stage i to226

stage j is written227

F = (1−m(ζ))Fi +m(ζ)Fj (15)

where Fi,j is the total force computed using the definition of stage i, j. Re-228

mark: the amplitude of the damping force of the prototype is not symmetric229

as a function of the rotational direction. This can be explained by the asym-230

metries in the friction material and band. A proper break-in procedure should231

significantly reduce or eliminate the unsymmetrical damping dynamics. This232

is out-of-the-scope of this paper. Here, the static and dynamic friction force233

coefficients are separated between forward (Fs,fwd and Fc,fwd) and backward234

(Fs,bwd and Fc,bwd) force components.235

236

4. Experimental Validation237

4.1. Prototype238

A prototype of the BRFD from the schematic shown in Fig. 1a was fab-239

ricated to verify its performance at producing high damping forces. Friction240

material used was flexible, asbestos-free, woven yarn material with copper241

wire [31]. The design parameters are listed in Table 1. A photograph of the242

prototype is shown in Fig. 6.243

4.2. Methodology244

The prototype BRFD was mounted in a servo-hydraulic testing machine245

and its characterization performed. Applied forces where controlled through246
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Table 1: Design parameters of the BRFD prototype

Parameter Value

Drum diameter 0.30 m (12 in)

Damping radius (rb) 0.10 m (4 in)

Drum material A-53 steel

Total band brake length 2.13 meters (84 in)

Band thickness 3.2 mm (1/8 in)

Band material A-36 steel

Friction material Woven, asbestos-free

Coefficient of friction (µ) 0.39

Band brake wrap (φ) 670◦

Mechanical advantage (C) 142
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Figure 6: BRFD testing setup

a screw-activated tensioner attached to one side of the band. A load cell247

was placed between the BRFD’s frame and the activation mechanism for248

measuring the applied forces. The damping force generated by the BRFD249

was measured via a load cell located in the head of the testing machine.250

The test setup is shown in Fig. 6, with the BRFD in its fully un-actuated251

position. The testing of the BRFD was limited to its designed 45 kN (10252

kips) damping force capacity.253

The prototype was subjected to displacement-controlled harmonic exci-254

tations of 25.4 mm (1 in) amplitude at four different frequencies: 0.05, 0.1,255

0.2, and 0.5 Hz. Five different applied forces (Fapplied) were investigated: 35256
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(8), 53 (12), 66 (15), 133 (30) and 267 N (60 lbs), where 35 N (8 lbs) is the257

minimum force available from the actuation mechanism and 267 N (60 lbs)258

corresponds approximately to the prototypes maximum capacity. A total of259

20 tests were performed.260

261

4.3. Model Parameters262

The 3-stage dynamic model parameters were identified by minimizing the263

performance function J , consisting of the fitting error between the estimated264

force from the model F̂friction and experimental data Ffriction for each test k:265

266

Jk = ‖F̂friction,k − Ffriction,k‖2 (16)

where ‖ · ‖2 is the 2nd Euclidean norm. This minimization was conducted in267

MATLAB by using the command fminsearch under various arbitrary (and268

physically realistic) initial conditions. Model parameters dependent on the269

applied force (Fapplied) are the static friction Fs, the dynamic friction Fc, and270

the aggregate bristle stiffness σ0.271

272

Table 2 lists the average values of the applied force dependent model273

parameters, obtained from the experimental results. These average values274

exhibit a linear and amplified response to the applied forces. This linearity275

would typically be modeled and used in a model fitting task. However, due to276

the medium fidelity of the developed prototype, test results experienced some277

irregularities. These irregularities are likely caused by deviations of the band278
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Table 2: applied force dependent model parameters

Fapplied

Parameter 35 N 53 N 66 N 133 N 267 N

Fc,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

σ0 (kN·m−1) 525 613 1490 5694 9198

from an ideal uniform curvature, and bending in the BRFD’s frame. These279

constraints are not inherent to the devices’ architecture and would be elimi-280

nated in a high fidelity prototype or production model. With the current dis-281

crepancies and the relativity low number of characterization tests performed,282

a linear fit of the results produces a high level of error on the estimation of283

the parameters. Therefore, a function of the type F(c,s),(fwf,bwd) = f(Fapplied)284

is out of the scope of this work.285

286

The mechanical advantage C can be directly calculated by using Fc values287

from Table 2 as Fdamping in Eq. (10) . However, given the variability in288

the data explained above, there would be an important variability in the289

experimental C computed for each test. To serve as a preliminary comparison290

with theory, it is best to use the values at the highest level of the applied291

forces, for which the band brake is the tightest and its angle is the most292

constant. For instance, Fig. 7 shows the changing band tension for applied293
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forces of 35, 66, and 267 N. The change in force results in a change in the294

gap between the friction material on the bands and the drum, this changing295

distance is exhibited in Fig. 7a through Fig. 7c. These changes are a function296

of the forces applied to the band. These frames were taken while the drum297

was in a backwards (clockwise) rotation, where the two exterior bands are298

acting as the fixed or reactionary ends.299

Table 3 list the C values for the forward rotation (Cfwd) and backward300

rotation (Cbwd) of the drum, along with the experimental friction coefficient301

µ derived using Eq. (10) for both rotational directions. The experimental302

results show an agreement with the design value of C and the materials prop-303

erties provided by the manufacturer (µ). The lower C value for the backward304

rotation may be attributed to the asymmetries in the metal band and the305

adhered friction material.306

307

Table 3: Validation of design parameters

Parameter test value design value

Cfwd 145 142

Cbwd 126 142

µfwd 0.42 0.39

µbwd 0.41 0.39

4.4. Assessment of Model Accuracy308

Fig. 8 and 9 show plots of the experimental data fitting with the 3-stage309

model for 0.05 and 0.50 Hz excitations, respectively, under various levels310
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(a) (b) (c)

Figure 7: Band gap varying with the applied forces, (a) 35 N; (b) 66 N ; (c) 267 N;

of Fapplied (35, 53, 66, 133, and 267 N). The model shows good agreement311

with the experimental data for all of the applied forces. There is a loss in312

fitting performance at the higher frequencies due to chattering in the device.313

Another observation in the 0.50 Hz excitation data is an unmodeled hump314

that occurs with a change in the rotational direction of the brake drum, for315

the case of a maximum applied force (267 N), and is less apparent at 133316

N. This hump is likely due to slippage of the the friction material due to317

deviations in the brake band. Fig. 10 compares the responses under various318

excitation frequencies under a 133 N applied force. Results are typical of319

other applied forces. The model shows good agreement with the experiment320

data for all frequencies, with a decrease in the fitting performance at the321

larger frequencies. This is consistent with the previous results.322

Table 4 reports the root mean square error (RMSE) between the model323

prediction and experimental data results. Results are also compared with a324
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(a) (b)

Figure 8: Experimental data fitting under various levels of applied forces for a 0.05 Hz

excitation: (a) force-displacement; (b) force-velocity plots.

(a) (b)

Figure 9: Experimental data fitting under various levels of applied forces for a 0.50 Hz

excitation: (a) force-displacement; and (b) force-velocity plots.
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(a) (b)

Figure 10: Experimental data fitting under various excitation frequencies for a 133 N (30

lbs) applied force: (a) force-displacement; and (b) force-velocity plots.

pure LuGre friction model optimized following a similar methodology used325

to identify the parameters for the 3-stage dynamic model. The listed RMSE326

confirm the performance of the 3-stage dynamic model discussed above. The327

pure LuGre model shows similar performance under a 53 N (12 lbs), with a328

substantially worst performance in the fitting to the experimental data for329

higher applied forces. This comparison demonstrates the necessity to still330

use the 3-stage dynamic model to characterize the behavior of the BRFD,331

due to the device’s backlash.332

Finally, a comparison is made between the hysteretic behavior of the333

first generation MFD and the BRFD. Figs. 11a and 11b show the modeled334

force-displacement and force-velocity plots of the BRFD in terms of % force,335

starting with an applied force of 35 N (13%). For completeness, results from336

various applied forces are compared against the modeled dynamic behavior337
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Table 4: Comparison of fitting RMSE (kN)

Force 0.05 Hz 0.1 Hz 0.2 Hz 0.5 Hz

applied force 3-stage LuGre 3-stage LuGre 3-stage LuGre 3-stage LuGre

35 N 5.96 15.4 6.98 13.3 8.81 21.1 14.3 29.3

53 N 3.07 5.38 3.25 5.38 3.51 6.00 3.34 5.47

66 N 4.54 44.5 2.80 40.7 2.45 55.1 4.00 100

133 N 7.56 76.3 15.7 127 44.1 46.2 27.8 117

267 N 5.56 115 9.56 58.9 12.0 40.5 22.7 126

of the first-generation rotary damping system (the MFD) in Figs. 11c and338

11d. The backlash region is indicated in Figs. 11a and 11c, along with the339

dynamic range under its maximum applied force. The backlash of the BRFD340

is reduced to 2mm, from 12 mm for the MFD, while the dynamic range is341

increased from 5.55 kN (MFD) to 79.0 kN (BRFD). This demonstrates that342

the backlash effect has been substantially minimized, and that the BRFD is343

capable of producing substantially higher damping force.344
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(a) BRFD force-displacement (b) BRFD force-velocity

(c) MFD force-displacement (d) MFD force-velocity

Figure 11: Modeled dynamics of the BRFD and MFD under various applied forces under

a 0.05 Hz excitation of 25.4 mm (1 in) amplitude:

4.5. Validation under Nonstationary Excitations345

The BRFD and its model are further validated using nonstationary exci-346

tations, consisting of two seismic excitations. The first excitation is the 1979347

Imperial Valley earthquake record from USGS Station 5115 and the second348
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the 1961 Hollister earthquake record from USGS station 1028. Ground dis-349

placements were computed by double integrating the ground acceleration350

obtained from the PEER ground motion database [42], and the maximum351

amplitude of each ground displacements is scaled to 0.01 m (0.4 in) to match352

the testing equipment’s limitations. The BRFD was subjected directly to353

these displacement time-histories, as the purpose of the tests was to validate354

the model under nonstationary dynamics rather than validating damping355

characteristics within a structural system. Acceleration and scaled displace-356

ment time histories are shown in Fig. 12.357
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(a) (b)

(c) (d)

Figure 12: Earthquake excitations: (a) unscaled ground acceleration (Imperial Valley

earthquake) ; (b) unscaled ground acceleration (Hollister earthquake); (c) scaled ground

displacement (Imperial Valley earthquake); and (d) scaled ground displacement (Hollister

earthquake).

The device is tested under two applied forces: 66 N (15 lb) and 133358

N (30 lb). Fig. 13 to 16 show the time history, force-displacement, and359

force-velocity plots for each seismic excitation. There is a good match of360

the theoretical model with the experimental data for both applied forces.361

A matching discrepancy is clearly observable under the Hollister earthquake362
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at around 25 sec (Fig. 15(a) and Fig. 16(a)). This is due to linear ap-363

proximation of the damping force during a change in the rotational direction364

of the drum where backlash is present. This overshoot is also present in365

the Imperial Valley response, and can be observed at a small magnitude at366

around 14 sec. This phenomenon will require further investigation, but its367

effect could be reduced through the production of a high fidelity prototype.368

Results from this section demonstrate that the BRFD behaves as designed369

under nonstationary excitations.370
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(a)

(b) (c)

Figure 13: Imperial Valley earthquake at 66 N (15 lb): (a) time history of damping force;

(b) force-displacement loop ; and (c) force-velocity loop.
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(a)

(b) (c)

Figure 14: Imperial Valley earthquake at 133 N (30 lb): (a) time history of damping force

; (b) force-displacement loop ; and (c) force-velocity loop.
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(a)

(b) (c)

Figure 15: Hollister earthquake at 66 N (15 lb): (a) time history of damping force ; (b)

force-displacement loop ; and (c) force-velocity loop.
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(a)

(b) (c)

Figure 16: Hollister earthquake at 133 N (30 lb): (a) time history of damping force ; (b)

force-displacement loop ; and (c) force-velocity loop.

5. Summary and Conclusions371

In this paper, a novel variable friction damper for structural control ap-372

plications was presented. The device, termed Banded Rotary Friction Device373

(BRFD), is based on the well-accepted and mature band brake technology.374

This makes the BRFD a mechanically robust, semi-active damping system.375
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It is capable of providing large damping forces with a substantially lower376

applied force due to its positive servo effect.377

378

A prototype of the BRFD was fabricated and experimentally validated.379

The dynamic tests were conducted under harmonic loads at different frequen-380

cies and applied forces. Results show that the prototype BRFD is capable381

of producing a maximum 45 kN (10 kips) damping force. A 3-stage dynamic382

model was introduced and model parameters were identified based on test383

results. Results show that the model could be used to accurately model384

the dynamic behavior of the device. The experimental mechanical advan-385

tage demonstrates that the device was capable of a force amplification in386

the range of 125-150 times the applied force. These numbers show agree-387

ment with theoretical values. The proposed device and its model are further388

validated using nonstationary excitations consisting of two earthquake time389

series. Results demonstrated that the BRFD behaves as designed under non-390

stationary excitations.391

392

The validated prototype and friction model presented in this research393

advances the potential for the implementation of semi-active friction devices.394

The BRFD is the second generation of rotary damping systems designed by395

the authors. It was specifically engineered to minimize the backlash effect396

and increase the maximum damping force by an order of magnitude. Results397

showed that the BRFD’s has been successful at attaining both objectives,398

therefore making it a mechanically robust device capable of high variable399

friction force.400
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