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Gary H. Koopmann, Weicheng Chen, Penn State  
Jeremy E. Frank, KCF Technologies, Inc. 

ABSTRACT 
A series of laboratory experiments were performed to assess the ability of the product EQUAL to reduce tire 
vibration under a variety of axle loads and rotational speeds.  The laboratory tests showed that EQUAL consistently 
reduced the vertical (Z-direction) vibration magnitude at the fundamental frequency (1/rev).  The average 
disturbance reduction compared to dual plane balanced wheel assemblies was 20% in road testing, 29 % in on-
vehicle acceleration dynamometer testing, and 55 % in fixed axle dynamometer testing.   Further, videos taken of 
the product moving dynamically within a rotating tire aided in understanding the mechanism by which tire vibration 
is reduced. A model describing the dynamics of the particle/tire interaction mechanism was developed to predict the 
vibration reduction for a given operating condition.   

INTRODUCTION 
Advances in vehicle design over the last twenty years have been accompanied by reductions in weight of automotive 
and truck chassis and suspensions.  As a direct result, complaints about ride harshness and vibration have increased.  
Some vehicle trends have also contributed: strut suspensions and rack and pinion steering systems that transmit 
vibration more directly to the passengers, tires with lower aspect ratios, increased sensitivity to road forces, and 
higher customer expectations about ride quality [1].  In addition to discomfort, increased vibration of the chassis and 
axle also can lead to increased wear and accelerated failure of system components.   
 
Historically, lead weight balancing has been the primary means for reducing vibrations caused by unbalanced 
wheels and tires.  Mass is added to the outer wheel circumference to balance the offset mass and locate the 
wheel/tire center of gravity at the center of the axle.  However, lead weight balancing does not account for sources 
of vibration other than mass imbalance.  Radial force variation is caused in part by mass imbalance, but also by a 
host of other factors: tread pattern, radial ply overlap, material stiffness inconsistency, component placement, etc.  
To reduce the vibration caused by these other factors, an additional means of tire vibration reduction is needed. 
 
EQUAL is a dry polymer particle product designed to reduce the vibration level of a loaded pneumatic tire in the 
dynamic mode.  It is placed inside the tire chamber, and becomes distributed around the inner circumference of the 
tire as it rotates.  The presence of the distributed particles has been observed to reduce the vibration level measured 
at the wheel and axle. 

LABORATORY VIBRATION TESTING 
A series of laboratory experiments have been performed to quantify the ability of EQUAL to reduce tire/wheel 
assembly vibration.  Three types of laboratory tests are described in this section. 

Truck Tires with EQUAL on a Test Track 
Until recently, EQUAL has been sold mostly as a vibration solution for large truck tire/wheel assemblies.  The first 
experiment described was performed at the Transportation Research Center test track (East Liberty, Ohio) during 
March and April 1997.  Ten 295/75R22.5 tires and one 275/80R22.5 tire were mounted on the right front steer axle 
position of a Class 8 tandem axle tractor-trailer unit.  Each tire was driven for seven warm-up laps on the 7.5-mile 
test track, and data then was recorded for the dual-plane balance condition for ten laps on a one-mile course (10 
miles).  Next, the lead weights were removed and EQUAL was installed in the right front tire only.  Three warm-up 
laps were driven, and then data was again recorded for ten laps.  In all cases, special care was taken to ensure 
constant inflation pressures in the tires before and after the addition of EQUAL.   
 
The output from an accelerometer mounted at the right front axle was recorded on a Sony high-speed digital tape 
recorder.  Later, the time-domain data was sampled with a signal analyzer at 256 Hz to calculate the frequency 
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spectra of the acceleration measurement.  The magnitude of the vertical acceleration at the fundamental 
(1/revolution) frequency is presented in Table 1 for a lead weight balance and with EQUAL.  Also presented is the 
radial first harmonic (R1H) of force variation for each tire, measured separately. 
 
As shown in Table 1, the addition of EQUAL reduced the fundamental vertical axle acceleration in 8 of the 11 tires 
tested, with an average reduction of 20.2 percent.  This reduction in vibration was achieved over a period of 
approximately 10 minutes in each case.  The three cases in which the vibration was increased can be attributed to 
statistical inaccuracies inherent in an outdoor road track test.  However, in-depth studies of the test data showed that 
the vibration reductions were statistically significant [2]. 
 

Lead Weight Balance EQUAL % Improvement
83 225 0.2880 0.1928 33.1%
79 191 0.0987 0.1055 -6.9%
65 158 0.1157 0.1707 -47.5%
40 127 0.1733 0.0521 69.9%
81 105 0.1072 0.0682 36.4%
24 90 0.0919 0.0825 10.2%
21 72 0.0206 0.0332 -61.2%
68 41 0.0680 0.0393 42.2%
9 26 0.0627 0.0553 11.8%
70 10 0.0743 0.0727 2.2%
1 N/A 0.2106 0.1735 17.6%

0.1192 0.0951 20.2%

Acceleration (g-rms) at the Fundamental Frequency (9.25 Hz at 65 MPH)
Tire #

Radial First  Harmonic 
(R1H-lbs.)

Average  
Table 1 Results of the truck tire road track experiment 

On-Vehicle Dynamometer Testing 
The next experiment was performed at the Pirelli dynamometer testing facility in Visalia, California on November 
10th-11th, 2000.  A 67-inch steel drum dynamometer supplied a controlled speed input to the rotating tire.  A Ford F-
450 truck was positioned in the testing facility with the left front tire (a General 225/70R19.5) on the dynamometer. 
 
To measure the vibration reduction, a calibrated accelerometer was mounted on the axle at the center of the left front 
wheel.  The dynamometer was set to spin the tire at a prescribed speed, and the resulting axle acceleration was 
measured for a period of five minutes.  Data was first taken on a tire with a dual-plane balance.  Then, the dual-plane 
balance lead weights were removed and EQUAL was inserted into the tire.  The measurement was repeated, taking 
care to maintain the same inflation pressure in each test. 
 
The fundamental frequency of vibration was generally dominant in the acceleration measured at the axle, 
particularly at speeds of 40 MPH or more.  Therefore, the most relevant comparison to show vibration reduction was 
the amplitude of vibration at the fundamental (one per tire revolution) frequency.  Figure 1 shows a typical FFT of 
the vertical (z-direction) accelerometer signal. 
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Figure 1 Typical FFT of the axle accelerometer 

 
At all speeds, the addition of the optimal amount of EQUAL reduced the tire/wheel vibration at the fundamental 
vibration frequency.  As shown in Table 1, the reduction in vibration ranged from 21.3 to 35.8 percent, with an 
average of 29.2 percent improvement compared to a dual plane balanced assembly.  The data is presented in Table 2 
is the mean square value of the acceleration averaged over a 5 minute run. 
 

  
Mean Square Acceleration (g^2-rms) at the Fundamental 

(one per revolution) Frequency 
Tire Speed (mph) Frequency (Hz) Dual-Plane Balance EQUAL Improvement 

40 7.27 0.00414 0.00297 28.2% 
50 9.09 0.01395 0.00895 35.8% 
60 10.91 0.04847 0.03812 21.3% 
70 12.73 0.09893 0.07020 29.0% 
80 14.55 0.08620 0.05907 31.5% 

Table 2 Results of the F-450 light truck tire dynamometer experiment 

Fixed Axle Dynamometer Testing 
The third test described here was performed at a tire manufacturer dynamometer testing facility in Ohio on February 
27th, April 5th, and May 29-30th, 2001.  The test facility consisted of a 120-inch dynamometer to accurately control 
tire rotation speed.  The wheel was mounted to a fixed-axle assembly.  The tire used in this experiment was a 
225/50R15 high performance tire.  It was chosen specifically for its low sidewalls and flat profile for concurrent 
videotaping experiments.  The vertical position of the axle assembly was manually controlled to set a prescribed 
downward load on the tire.  Loads of 650 and 900 lbs were used to approximate loads experienced by the rear and 
front tires of a typical passenger car.  Each test was repeated at 60, 70, and 80 MPH.  As the dynamometer rotated 
the tire at a known speed, the dynamic force on the axle in the vertical and fore-aft direction was measured with 
axle-mounted load cells.  A 15-minute warm-up was run with each tire condition before testing began.  A signal 
analyzer was used to calculate the FFT of each load cell signal, and the first four peaks (corresponding to the 
fundamental tire revolution frequency and the first three harmonics) were recorded.   
 
Taking care to maintain the constant running inflation pressure of 30 psi in each measurement, a series of amounts 
of EQUAL (termed #1, #2, #4, #5 and #6) were added to the tire through the valve stem.  EQUAL amounts #1 and 
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#2 were added with the dual-plane balance masses still on the wheel.  Next, the dual-plane balance masses were 
removed and a measurement was taken with EQUAL (#2) only.  The measurement was then repeated for EQUAL 
amounts #4, #5, and #6.  A typical FFT result comparing the dual plane balance with EQUAL is shown in Figure 2. 
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Figure 2 Typical FFT showing EQUAL vibration reduction for the solid axle dynamometer experiment 

At each speed and axle load, the fundamental peak was significantly lower with the optimal use of EQUAL when 
compared to a dual-plane balance.  In Figure 2, which corresponds to the test condition of a 900 lb axial load at 80 
MPH, EQUAL (amount #4) reduced the fundamental harmonic (R1H) from 85.0 to 38.9 lbs.  Note that the 
frequencies of the EQUAL results have been shifted slightly for a visual comparison – in actuality, the frequencies 
were identical.   
 
The results from multiple EQUAL amounts at speeds of 60, 70, and 80 MPH and 650 lbs of axle load are presented 
in Table 3.  For each speed, the most drastic reductions in vibration force clearly occurred at the fundamental 
frequency.  At each speed, the greatest reduction was measured with EQUAL amount #2 alone.  Interestingly, the 
vibration level was actually lower with EQUAL alone than it was with EQUAL combined with a dual-plane 
balance.   
 
The effect on the higher order harmonics was less pronounced, and further study is needed to determine the ability 
of EQUAL to reduce the higher order harmonics.  However, it appears evident that EQUAL is capable of reductions 
in higher order harmonics, especially when the vibration level is high (e.g. 44 Hz 3rd harmonic at 60 MPH).  Further 
studies are planned to document the degree of attenuation. 
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#1 (Balance) #2 (Balance) #2 (No Bal) #4 (No Bal) #5 (No Bal) #6 (No Bal)
14.75 11.2 10.2 5.9 4.6 5.4 9.1 8.6
29.25 1.7 0.9 2.4 1.7 3.3 3.8 3.3

44 12.9 8.2 5.2 3.7 10.2 9.6 9.3
58.75 1.9 1.6 0.4 0.9 2.9 2.6 2.2

17 11.8 11.1 9.6 5.9 6.8 8.8 10.3
34.25 7.1 7.0 5.2 5.6 7.7 7.4 5.4
51.25 4.5 3.3 2.4 2.0 2.4 2.4 2.0
68.25 1.4 1.1 0.8 0.7 1.2 0.8 0.9

19.5 14.7 13.5 12.8 6.9 9.1 12.7 26.3
39.25 10.4 11.3 8.9 9.8 12.8 13.7 13.9
58.75 9.0 8.3 7.2 6.8 7.8 6.9 10.1
78.25 2.5 3.1 2.7 4.8 1.9 1.1 3.3

60

70

80

Axle Force in the Z-Direction (lbs) at the First Four Harmonics

Tire Speed (mph)
Frequency 

(Hz)
Dual Plane 

Balance
Equal Amount Added

 
Table 3 Results of the fixed axle dynamometer experiment, Axle Load = 650 Lbs 

 
With 900 lbs of axle load the results were quite similar, as presented in Table 4.  This time, the lowest vibration 
levels were measured with EQUAL amount #4 and no mass balance.  In Table 3 and Table 4 another interesting 
trend is observed.  At both axle loads, there is an optimal quantity of EQUAL that results in a minimized 
fundamental force peak at all three speeds (amount #2 for 650 lbs of axle load and amount #4 for 900 lbs of axle 
load).  Beyond this quantity, adding additional quantities of EQUAL increased the vibration level in most cases.  
This trend has been observed in many experimental trials, and indicates that an optimal quantity of EQUAL exists 
for each specific tire size and running condition. 
 

#2 (Balance) #4 (Balance) #4 (No Bal) #5 (No Bal) #6 (No Bal)
14.75 13.2 5.7 4.5 4.6 10.7 6.7
29.25 3.5 2.8 4.1 6.7 5.7 5.4

44 9.8 12.9 8.2 10.4 12.0 10.3
58.75 1.2 1.9 1.6 3.8 4.0 2.0

17 14.2 10.9 4.7 7.6 14.6 5.0
34.25 9.7 8.3 8.3 9.4 7.8 11.3
51.25 3.0 3.5 2.7 2.6 3.0 2.0
68.25 1.1 1.2 1.1 1.3 0.9 2.2

19.5 19.1 17.3 11.3 8.7 17.4 13.0
39.25 14.6 12.5 11.9 13.5 13.6 12.4
58.75 7.4 12.5 10.7 7.9 7.6 8.3
78.25 1.5 3.6 3.4 2.3 4.0 5.2

Tire Speed 
(mph)

Frequency 
(Hz)

Dual Plane 
Balance

60

70

80

Axle Force in the Z-Direction (lbs) at the First Four Harmonics
Equal Amount Added

 
Table 4  Results of the fixed axle dynamometer experiment, Axle Load = 900 Lbs 

The results of the fixed axle dynamometer experiments at the fundamental frequency are condensed in Table 5.  
With the optimal quantity of EQUAL in the tire (and no mass balance), the Z-direction fundamental peak was 
reduced between 46.4% and 65.0% compared to the dual-plane balance.  The average force reduction was 54.7%.  
Note that for an axle load of 650 lbs, the optimal EQUAL amount was #2, while at 900 lbs the optimal EQUAL 
amount was #4.  Since only one quantity can be in a tire, the optimal quantity must be chosen for an assumed 
operating condition (front vs. rear tire, for example).  The effect of other factors, such as tire inflation pressure and 
speed, will also affect the optimal EQUAL amount for reducing vibration.  The sensitivity of EQUAL behavior to 
these and other variables is a topic of ongoing study. 
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Tire Speed (mph) Frequency (Hz) Dual-Plane Balance EQUAL Improvement
60 14.75 11.2 4.6 59.4%
70 17 11.8 5.9 49.9%
80 19.5 14.7 6.9 53.4%
60 14.75 13.2 4.6 65.0%
70 17 14.2 7.6 46.4%
80 19.5 19.1 8.7 54.2%

Axle Load 
650 Lbs

Axle Load 
900 Lbs

Axle force (lbs.) in the Z (vertical) direction at the fundamental frequency

 
Table 5  Condensed results at the fundamental frequency for the fixed axle dynamometer experiment 

 

VIDEO EXPERIMENTS TO CAPTURE EQUAL PERFORMANCE 
To gain further insight into the behavior of EQUAL inside a rotating/vibrating tire, a special wheel was constructed 
to permit videotaping inside the tire while rotating on a dynamometer.  A 2 x 4 inch rectangular section of an 
aluminum wheel was cut out and replaced with a Plexiglas window (see Figure 3).  The window was well sealed to 
maintain the tire pressure. 

 

Figure 3  Picture of the window wheel for EQUAL videos 

Stationary Camera 
A standard digital video camera was positioned inside the wheel, approximately at the wheel axis.  The wheel was 
reverse-mounted to allow access to the wheel center.  A strobe light was triggered with a reflective tape on the 
wheel.  The strobe flashed once per tire revolution (adjusted to when the window was in front of the video camera) 
to illuminate the tire through the window.  Thus, a series of frames were recorded of EQUAL moving inside the tire, 
mostly through the tire footprint area.  After transferring the videos to a computer, the black frames were removed 
from the digital video, leaving a continuous video of EQUAL moving. 
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The results were very interesting, and not entirely as expected.  The EQUAL formed into a linear pattern, 
approximately one inch wide around the circumference of the wheel.  At low loads and speeds, the width of the 
EQUAL line appeared to be approximately uniform, with some variations.  This line was not static, and some 
quantity of EQUAL moved continuously relative to the tire in the forward direction (direction that the tire would be 
moving if rotating on the ground).  A second, much lighter pattern looked like a washing or dusting of particles.  
This dusting moved in the opposite direction at about double the rate. 
 
As the tire speed and axle load were increased, another phenomenon was observed.  The EQUAL pattern changed 
from a continuous line to a series of discrete piles progressing in the forward direction relative to the tire rotation.  
Again, the same dusting phenomenon was seen to progress in the opposite direction.  A still picture showing the 
EQUAL phenomenon is shown in Figure 4.  The picture is taken from the dynamic video of a tire rotating at 60 
MPH with 900 lbs of axle load on the 120-inch dynamometer.  Looking down through the wheel window (refer to 
Figure 3), the picture shows the inside of a section of tire that is passing through the footprint.  The visible diagonal 
lines are a series of elevated mold markings along the inside circumference of the tire.  The footprint is moving from 
left to right (Figure 4), so the effective tire rolling direction would be from right to left as viewed from above.  Three 
distinct EQUAL piles of various sizes are seen in Figure 4.  These piles were seen to move in a line from right to left 
at a speed of approximately one inch per second.  Keep in mind that the EQUAL velocity is relative to the tire 
section, since the video was taken with a strobe light that illuminated the tire once per revolution.  In actuality, both 
the tire section and the EQUAL are moving to the right at about 60 MPH.  However, the relative velocity between 
EQUAL and the tire implies that EQUAL is not simply lying stationary on the inside tire surface, but moving 
radially as well.  The fact that EQUAL moves forward at a steady rate relative to the tire has some interesting 
implications.  It means that the dynamic radial motion is not random, but repeated continuously in a uniform way as 
the tire rotates.  EQUAL moves to the left (opposite the direction of the footprint velocity) indicating that the tire 
acceleration that causes the EQUAL to leave the tire surface is in a direction forward of the wheel axle.  Thus, when 
EQUAL returns to the tire surface, it is forward (left in Figure 4) relative to the tire area that it previously rested on.   
  

EQUAL piles

Footprint velocity

EQUAL relative velocity

 
Figure 4  Still picture from an EQUAL video inside a tire footprint at 60 MPH 

Some thought about the directional vector of EQUAL velocity through the footprint can explain why the particles 
have a steady relative velocity opposite the direction of footprint velocity.  An exaggerated schematic of a tire cross 
section with a flat footprint area is shown in Figure 5.  EQUAL is indicated as a series of circles distributed evenly 
around the tire circumference.  At a point on the tire somewhere other than the footprint, a particle of EQUAL 
undergoes constant centripetal acceleration toward the center of wheel rotation.  In the footprint, however, a large 
vertical acceleration results when the particle is forced to follow the deformed non-circular path of the footprint, 
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from the tire free radius to the Static Loaded Radius (SLR).  This combines with the centripetal acceleration to 
produce a net acceleration vector shown in Figure 5.  If the footprint acceleration is large enough, the EQUAL 
particle leaves the tire surface, follows essentially a parabolic path under the action of gravity, then returns to the tire 
surface.  Because of the footprint acceleration direction, the EQUAL particle has moved forward somewhat relative 
to its earlier position on the tire (Figure 5).  This acceleration (and force) transfer between the tire surface and the 
EQUAL particle is discussed in the following section to describe how EQUAL reduces tire vibration. 
 

Motion of EQUAL relative to tire

Rω2
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acceleration
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Figure 5  Schematic showing the acceleration of EQUAL through the tire footprint 

Wireless (Rotating) Camera 
In additional experiments, a small wireless camera was mounted directly to the wheel over the Plexiglas window.  A 
battery-powered light to the side of the camera continuously illuminated the tire chamber.  The camera and light 
rotated with the wheel, transmitting the signal to a stationary receiver.  This generated a continuous video of the 
inside of the tire, and allowed a larger field of view than with the previous stationary-camera video tests. 
 
Unlike the stationary-camera experiments described earlier, this test produced continuous images of the tire 
throughout the entire rotation.  In addition, a clear image was viewed at all speeds from zero velocity to 80 MPH.  In 
these experiments, the quantity of EQUAL became distributed in a repeatable pattern on the inside of the tire.  
Under repeated test conditions (e.g., 60 MPH with 650 pounds of axle load on the tire), the EQUAL pattern was 
very repeatable.  Starting from zero velocity several times, the same pattern would form when the specified velocity 
was reached.  The steady-state EQUAL pattern represented a mass-balanced equilibrium state that minimized the 
vibration of the tire/wheel assembly. 
 
Interestingly, a different steady-state equilibrium position resulted when the test conditions where changed.  For 
example, the tire speed was kept at 60 MPH but the axle load was increased to 900 lbs.  As the load was increased, 
the EQUAL pattern blurred and then developed a new pattern over a period of several seconds.  Once again, the new 
EQUAL pattern was very repeatable for multiple runs under the same test conditions.  This behavior underscored 
the benefit of allowing the balancing mass (EQUAL) to react to changing operating conditions. 
 
The wireless video experiments provided evidence of EQUAL acting as a mass-balancer.  The particles were 
observed to move to an equilibrium position such that the tire/wheel imbalance was minimized.  The mechanism by 
which this occurs is discussed later. 
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A MODEL TO DESCRIBE EQUAL BEHAVIOR AND PREDICT 
PERFORMANCE 

Description of a Ring-Type Model of the Tire 
Having completed a series of vibration tests and created dynamic videos of EQUAL moving within a rotating tire, a 
model was developed to explain the mechanism by which EQUAL reduces tire vibration.  The goal of the model 
was to predict how a quantity of EQUAL would reduce an artificially generated force variation, allowing for 
changes in tire diameter, speed pressure, and speed.  A 3-D schematic of the problem is illustrated in Figure 6.  
Shown is a tire mounted on a wheel with one tire sidewall cut away to show the EQUAL distributed around the 
inner tire circumference.  When the tire is loaded a flattened footprint section appears where the tire contacts the 
road.  With the tire rotating, the footprint could be modeled as a force or boundary condition moving around the tire 
circumference (depending on the chosen coordinate system, the tire could alternatively rotate relative to the 
footprint).  Considering the complex structure of a tire and the unsteady boundary condition of the footprint, the 
problem of a 3-D rotating tire model is one of the most complicated and thoroughly researched topics in the field of 
structural vibrations.   

EQUAL pilesEQUAL piles

 
Figure 6  EQUAL distributed inside a tire (sidewall cut away) 

To focus on the mechanism of EQUAL, a relatively simple model of tire dynamics was desired.  The model 
captured the essential characteristics of tire behavior, but was straightforward and flexible enough to easily 
incorporate the dynamics of EQUAL.  The ring-type model of the tire used here considered only a cylindrical band 
of the tire cross-section (Figure 7).  This simplification assumed that the dynamics of the tire sidewalls and the 
wheel were not integral to the understanding of EQUAL. 
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Figure 7  Cross-sectional band of a tire 

 
The band was divided into a series of lumped mass elements (Figure 8).  It was considered that EQUAL would act 
as a radial outward force on the inner tire surface.  The tangential degree of freedom was not essential to 
understanding how EQUAL could reduce tire vibration.  The radial tire stiffness and the tread thickness stiffness 
were lumped together as one combined stiffness, since only the inner tire surface would be affected by the forces of 
EQUAL.  Therefore, only one radial degree of freedom was used for each lumped element.  This kept the model size 
small while using many lumped elements to describe the tire circumference.  In practice, 110 lumped elements were 
deemed sufficient to describe the essential tire dynamic behavior.  A spring between each lumped element and the 
axle modeled the radial stiffness of each tire section (kR in Figure 8).  These springs combined to provide the radial 
stiffness of the tire.  Additional springs between each element and its two neighboring elements modeled the 
transverse shear stiffness of the tire membrane (kT in Figure 8).  The element mass and stiffness used depends on the 
size and type of tire to be modeled.  For a given tire the radial stiffness was set first, so that an enforced footprint 
displacement resulted in the desired net load on the axle. 

kR

kT

mE

 
Figure 8  Ring model of the tire (simplified) 

The boundary condition imposed on the tire at the ground was an important part of the dynamic model.  From 
observing a loaded tire rolling on the ground, the length and height of the footprint area was easily observed for a 
given tire, pressure and axle load.  The ground condition model was made to result in the desired flat footprint 
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section.  In a dynamic simulation, the flat footprint progressed around the tire as the tire rotated in time.  The ground 
was modeled as an external contact stiffness (equal to 30 times the elemental radial stiffness of the tire) with an 
enforced displacement.  The enforced displacement for the ground was equal to the difference between the tire free 
radius and the static loaded radius (SLR).  The size of the footprint area was expressed as a percentage of the tire 
circumference, and was used to adjust the axle load.  The specifics of how the footprint boundary condition was 
applied dynamically are described next. 

Dynamic Simulation of the Tire Using Numerical Integration 
To simulate the dynamic progression of the footprint around the tire, a time stepping Newmark numerical 
integration routine was used.  Global mass and stiffness matrices were generated based on the lumped-mass ring 
model described above.  Viscous proportional damping was introduced into the model to approximate the tire 
structural damping at the frequency of tire rotation. 
 
To begin the dynamic simulation, initial conditions of displacement, velocity and acceleration were needed for each 
node.  In practice, these were determined by taking the ending point of a previous simulation.  This was a good 
approximation, since the simulation was always performed for an exact number of tire rotations. 
 
At each subsequent interval in time, a number of forces were applied to the nodes to simulate the forces occurring in 
a rotating tire.  First, the force resulting from centripetal acceleration was applied at each node in the outward radial 
(negative) direction.  A static force due to the internal tire pressure was applied in the outward radial direction at 
each node.  The ground force, as described in the preceding section, was modeled as an external contact stiffness 
with an enforced displacement.  In the Newmark simulation, this was done by first determining which nodes were 
located within the tire footprint.  For the nodes within the footprint, an enforced displacement at each node was 
calculated based on a simple geometrical comparison of a flat footprint compared to an undeformed tire.  The 
enforced displacement was highest in the footprint center, and decreased to zero at the points where the tire entered 
and left the footprint.   The applied force was determined by multiplying the ground stiffness by the enforced 
displacement.  To simulate the contact condition, the stiffness was only applied if the actual radial position of the 
node was below (radially outward) the enforced displacement.  This allowed the nodes in the footprint to vibrate 
freely, which was important to the EQUAL mechanism.  Using the Newmark time integration method, the next 
point in time was calculated based on the applied forces.  Then, the time step was advanced and the enforced 
footprint area was advanced accordingly.  This was repeated until the ground force progressed around the tire for 
several rotations.  In Figure 9, the displacements for a tire at a step in time are shown.  Note how the tire 
circumference footprint area is approximately flat in the footprint area where it contacts the ground (indicated by a 
horizontal flat line).  Since the ground is modeled as a contact stiffness, rather than an enforced displacement, there 
is movement of the tire as it progresses through the footprint. 

      
Figure 9  Dynamic simulation of the tire rotating with a footprint 
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The model was found to reach a dynamic steady state in less than one revolution.  After one revolution, therefore, 
the net force imparted to the axle by the tire could be calculated.  This was done by indexing the position of the tire 
model relative to the enforced footprint area.  In other words, the footprint was centered directly below the axle (at 
the x = 0 position).  At each point in time, each node exerted a force on the axle equal to the product of the nodal 
radial displacement and the radial stiffness.  This force was then broken down into a fore/aft and vertical component 
depending on the position of the node relative to the footprint center.  The component forces from each node were 
then added to produce the net fore/aft and vertical forces on the axle at each time step.  The time stepping routine 
was continued for several tire rotations at steady state.  An FFT algorithm was applied to the time response of the 
fore/aft and vertical forces to calculate the force response as a function of frequency. 

A Stiffness-Varying Model of Radial Force Variation 
The tire model described to this point was theoretically perfect, with no stiffness or mass variation in the structural 
model.  Now, an approximation of the minor variation in tires that result in radial force variation were incorporated 
into the model.  This was done by varying the radial spring stiffness, the transverse spring stiffness, or the elemental 
mass for a node.  For example, a discrete stiff zone in the tire (from an overlap in the radial ply, for example) was 
modeled by increasing the radial stiffness at several adjacent nodes.  This resulted in a change in the tire profile and 
an increase in the net axle force each time the footprint encountered the altered nodes.  In the frequency domain, the 
result was a series of peaks at the fundamental tire rotation frequency and the harmonics.  This result was very 
similar to the FFT obtained experimentally during the fixed-axle dynamometer tests.   
 
In addition, the case of a mass imbalance could be included in the model.  This was done by adding a harmonically 
varying term (at the fundamental frequency of tire rotation) to the footprint force.   
 
A simulated FFT of the fore/aft and vertical forces for a model containing both radial stiffness variations and mass 
imbalance is shown in Figure 10.  Note that the frequency spectrum is a forced response, dominated by the 
fundamental frequency.  The fundamental frequency peak in the vertical direction was affected most by the mass 
imbalance.  Radial stiffness variation increased the force over a broader frequency range.  This result could be made 
to describe any combination of stiffness variation and mass imbalance.  As shown in Figure 10, the result was quite 
similar to the response measured experimentally during the fixed-axle dynamometer tests (Figure 2). 
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Figure 10  Simulated tire forces due to radial stiffness variation and tire/wheel imbalance 

Modeling the Mechanics of EQUAL as a Dynamic Balancer, Particle Damper and 
Force Reducer 
A model of the mechanism of EQUAL was next introduced into the model to show how tire vibration can be 
reduced.  EQUAL was determined to have three effects in reducing radial force variation.  First, it became 
distributed to achieve a dynamic mass balance of the tire/wheel assembly.  Second, it acted as a particle damper, 
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reducing the unsteady vibration at all points on the tire circumference.  EQUAL also acted as a force reducer in the 
footprint area, applying a force downward on the tire as it moved through the loaded footprint.  This effectively 
reduced dynamic bouncing and force variation.  These three phenomenons, and how they were included in the 
dynamic model, will be addressed separately. 

EQUAL as a Dynamic Mass Balancer 
The first effect of EQUAL was to mimic dynamically the effect of a lead weight balance.  To do this, EQUAL 
became distributed inside the tire to achieve a dynamic mass balance.  The effect was observed with the wireless 
video camera experiments described previously.  An explanation for why EQUAL tends to achieve a mass-balanced 
equilibrium state begins with a physical principle known as the Principle of Least Action.  The Principle of Least 
Action was proposed by the French mathematician Maupertuis in 1750, developed further and applied by the Irish 
Mathematician Hamilton in 1835.  The principle states that in nature a system will always tend to an equilibrium 
state such that the time-averaged difference between the kinetic energy and the potential energy of the system will 
be minimized.  In simpler terms for a mechanical system, it states that the dynamic system tends to minimize 
variations or oscillations of the components.  This principle can be applied to explain how a quantity of EQUAL 
particles inside a rotating tire became distributed to achieve a dynamic balance of the tire/wheel assembly.  Because 
of repeated bouncing induced by the contact patch (as discussed in detail later), EQUAL was free to move on the 
inner surface of the tire.  As the tire rolled, the EQUAL had the possibility to 1) add to the existing imbalance of the 
tire (increasing the gross vertical and fore-aft vibration of the tire/wheel), or 2) offset the imbalance (decreasing the 
tire/wheel vibration).  Vibrations of the tire/wheel represented a time-averaged difference between the kinetic and 
potential energy of the system.  According to the Principle of Least Action, the EQUAL particles tended toward a 
mass-balanced pattern that offset the imbalance.  Thus, the oscillations of the system were decreased. 

EQUAL as a Particle Damper 
Particle impact damping is a means for achieving high structural damping [3] that is becoming more commonly 
recognized in the field of structural vibrations.  In one form, particles of various shapes and sizes are inserted into an 
enclosure that is attached to a structure.  When the structure vibrates, the particles bounce and collide into each other 
and the walls of the enclosure.  These collisions result in an exchange of momentum between the structure and 
particles and kinetic energy losses due to inelastic collisions.  The net effect is a decrease in the vibrating kinetic 
energy of the structure.  Since particle damping absorbs kinetic energy (rather than strain energy, as in most 
structural damping treatments), it is highly effective for vibration problems where the amplitude is high. 
 
When a tire treated with EQUAL rotates at high enough speed, the particles become distributed around the inner 
circumference of the tire [2].  When the tire vibrates with high enough amplitude, EQUAL acts as a particle damper 
on the tire surface.  This can happen at all points around the tire, but is exaggerated in the footprint where vibrations 
can be very high.  In Figure 11, a tire schematic is shown with each point on the tire and each EQUAL particle 
having a radial velocity and acceleration.  In the figures, q represents displacement, q&  represents velocity, and q&&  
represents acceleration.  A close-up of the footprint is shown to explain the particle damping effect.  At step 1, the 
tire is vibrating and has a downward acceleration equal to the upward centripetal acceleration of the EQUAL 
particle.  When this condition is satisfied, the particle leaves the surface.  Visual evidence of this behavior was seen 
in the previous section, when the piles of EQUAL were seen to move relative to the tire.  When it returns to the tire 
at step 2, the particle velocity is down and the tire velocity is up.  An inelastic collision occurs and some amount of 
tire vibration energy is lost (converted to heat, etc.).  There are many particles involved in reality, and collisions 
between the particles also remove vibrating energy from the system.  This happens not just at the footprint, but 
anywhere on the tire circumference where the vibration level is high enough.  The net effect is that any unsteady 
vibration is somewhat damped by the presence of EQUAL.  The damping effect in the tire is amplified compared to 
a typical situation, since the acceleration pushing the particles against the tire is equal to the centripetal acceleration 
from tire rotation.  Far more force can be exerted by the particles on the structure than for a typical particle damping 
application (where the acceleration is due to gravity only).  In the tire case, the acceleration must be high enough to 
overcome centripetal acceleration. 
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Figure 11  EQUAL particle damping on the inner tire circumference 

The particle damping mechanism was included in the model at every node on the tire circumference.  At each time 
step, a condition was evaluated to determine if the acceleration at each node were high enough to overcome the 
centripetal acceleration from tire rotation.  If the condition was satisfied it meant the particles were moving radially 
from the surface and colliding into one another, removing kinetic energy from the vibrating tire.  In that case, an 
outward radial force was applied at that node (out of phase with the nodal velocity) to simulate the particle damping 
effect. 

EQUAL as a Force Variation Reducer in the Footprint 
The third effect of EQUAL is to apply a downward force on the tire as it moves through the footprint.  For an 
estimate of the available force, consider that there are six ounces of EQUAL distributed around the inside of a 
225/50R15 tire (the tire used in the fixed axle dynamometer experiments).  If the tire is rolling at 80 MPH the 
angular velocity is approximately 19.5 revolutions per second.  This equates to a centripetal acceleration of 4550 
m/s2, more than 450 times gravitational acceleration.  The centripetal acceleration acts on the EQUAL particles at all 
points during the tire rotation.  As the tire moves through the footprint, however, the acceleration is higher still.  As 
the tire moves through the footprint, it accelerates in the vertical direction (radially inward) to follow the flat path of 
the footprint.  With 900 lbs (4000 N) of axle load and 30 psi of tire pressure, consider that the static axle deflection 
is 20 mm (see Figure 12).  The corresponding footprint length is 220 mm (8.7 inches).  The tire and EQUAL are 
pushed 20 mm closer to the axle in the time that it takes the tire to roll 110 mm (half the footprint).  Assuming 
constant radial acceleration and deceleration, the corresponding radial footprint acceleration of a point on the tire 
during the first quarter of the footprint is 8430 m/s2.  

First quarter of 
the footprint

Footprint deflection 
= 20 mm

Undeformed 
round tire profile

Radial footprint 
acceleration

Direction of travel

EQUAL reaction 
force on tire

Footprint length = 220 mm

 
Figure 12  EQUAL footprint force reduction 
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In the first quarter of the footprint the combined radial acceleration acting on a particle of EQUAL is as high as 
12980 m/s2, more than 1300 times greater than gravitational acceleration.  Since the tire is forced to follow the road 
profile, it accelerates against EQUAL, causing a reaction force between EQUAL and the tire.  This reaction force is 
equal to the EQUAL mass times the forced acceleration.  For example, consider that 6 ounces (0.17 kg) of EQUAL 
are evenly distributed around the 225/50R15 tire circumference.  As the EQUAL moves through the first quarter of 
the footprint, it exerts 6.6 pounds of force per circumferential inch on the tire.  The footprint length in this example 
is 8.7 inches, so EQUAL pushes down with 14.4 pounds over the first quarter of the footprint.  In the next quarter of 
the footprint, EQUAL leaves the tire surface if the footprint acceleration is greater than the centripetal acceleration 
(as described in the section on particle damping).  Depending on the velocity and direction at which the particles 
leave the tire, they return to the surface at some point back in the footprint.  Assuming that the particles return to the 
tire for the last quarter of the footprint, EQUAL exerts another 6.6 pounds of force per circumferential inch, or 14.4 
pounds.  This combines for a total downward force of 28.8 pounds exerted by EQUAL in the tire footprint.  This 
helps to explain how even a small quantity of EQUAL can reduce the large forces associated with tire vibration. 
 
When the tire remains in solid contact with the road surface through the footprint, the EQUAL force is transmitted 
directly and uniformly to the road through the tire tread.  However, when the contact pressure varies (or in an 
extreme case the tire bounces or leaves the road surface), the EQUAL footprint force pushes down on the tire with a 
force (up to almost 30 pounds in the above example).  In this way EQUAL reduces any increase in the transmitted 
force by pushing down against upward movement of the tire.  In usual steady-state vibrations, the tire does not 
actually leave the ground surface but decreases the force in the tread stiffness.  This reduction in tread force is seen 
by the EQUAL force as a decrease in stiffness and the EQUAL force has a greater effect on the tire.  Since EQUAL 
acts directly at the tire footprint, the cause of the force variation does not matter.  Any force that comes though the 
footprint will be reduced by the downward-acting EQUAL force.  This reduction in force variation in the footprint is 
the third major mechanism by which EQUAL reduces tire vibration. 
 
In the model, the effect of EQUAL as a force reducer was included by adding an external force to the nodes in the 
footprint at each time step.  The EQUAL force was applied to each node as it moved through the first quarter of the 
footprint.  The amplitude of the force at each node was determined as described above and was proportional to the 
tire rotation speed and the axial load (static deflection).   
 

CONCLUSIONS 
In three types of tire vibration experiments, EQUAL has been shown to dramatically reduce the vertical component 
of vibration at the fundamental frequency.  The average reduction ranged from 20% to 55%, depending on the type 
of test.  To gain a better understanding of the mechanisms by which EQUAL reduces vibration, a series of video 
experiments were conducted.  Through a Plexiglas window in the wheel, a synchronized strobe light provided a 
visual of how EQUAL moved within a tire.  The particles generally formed a line around the circumference, and 
formed into a line of piles at higher loads and speeds.  This line or series of piles was not stationary, but steadily 
progressed forward (opposite the footprint velocity) relative to the tire.  These observations led to an understanding 
of EQUAL as a particle damper and a force reducer in the tire footprint.  As a particle damper, EQUAL added 
structural damping to the tire whenever the acceleration level was high enough to cause the particles to rise radially 
and collide.  As a force reducer, EQUAL supplied a downward force in the footprint to suppress variations in the 
radial force.  These mechanisms were included in a ring-type tire model to predict how vibration can be reduced by 
adding an optimal quantity of EQUAL. 
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