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The vibration monitoring of US Army rotorcraft is of current interest.  Different systems and techniques are 
being investigated for use in mechanical fault detection.  One of the requirements from a Health and Usage 
Monitoring System is the ability to detect gear and bearing faults using vibration data.  This paper outlines 
the technical approach and the results from vibration testing of CH-47D swashplate bearings.  The topics 
covered in this paper include the challenges of mounting an accelerometer to the swashplate, the Vibration 
Management Enhancement Program data acquisition system, the measurement setups and the fault feature 
extraction algorithms.  The techniques for bearing fault detection will be presented in detail.  These 
techniques include classical bearing fault spectral analysis, spectral based energy analysis, Power Cepstrum 
analysis, and amplitude demodulation envelope analysis.  Test data and results will be presented from a 
seeded fault bearing test rig and compared to actual aircraft test data. 

 
Notation 

a Ball contact angle 
BPFI Inner race fault frequency 
BPFO Outer race fault frequency 
BSF Ball spin frequency 
c Ball center 
CFF Cage fault frequency 
Cx Complex cepstrum 
d Rolling element diameter 
D Bearing pitch diameter to ball center 
F Fourier transform 
fs Fundamental shaft frequency 
Nb Number of balls 
t Time 
x Vibration signal 
ω Frequency 
 

Introduction 
Recently, a bearing failed in the aft swashplate of a 

CH-47D during a ground run causing a Class-A 
accident, resulting in the loss of the aircraft.  Vibration 
monitoring equipment, if it had been installed on the 
swashplate, may have detected such a failure in advance 
of the accident.  This incident resulted in manual 
inspections of all CH-47D/F and MH-47E swashplates, 
which required significant manpower.  To date, a total 
of 795 swashplates were inspected and 67 have failed 
visual inspection or oil analysis.  Typical deficiencies 
for the failed swashplate bearings were pitted/spalled 
ball bearings and races, raised or broken cages and 
uncaged ball bearings. 

Related Research 
In the mid 1980’s Sikorsky investigated failures of 

H-60 Tail Rotor Driveshaft Bearings and began the 
development of a Bearing Monitoring System (BMS) 
[1].  The BMS was later expanded to include swashplate 
bearings, and consisted of accelerometers and 
temperature sensors mounted to the nonrotating 
swashplate.  All H-53E and SH-80M aircraft had the 
BMS installed starting in the fall of 2000.  Both 
vibration and temperature measurements are acquired 
by the swashplate BMS.  Periodic inspections of H-53E 
bearings have been eliminated and bearings are being 
removed based solely on the BMS indication.  The BMS 
has been highly successful, with zero missed alarms and 
just one false indication due to a loose sensor.  Three 
swashplate bearings have been removed based on the 
BMS and each removal was found to be justifiable 
based on wear. 

Currently, the Aviation Vibration Analyzer (AVA) 
is the US Army system used to perform periodic 
vibration measurements on several dynamic 
components and rotor track and balance on all Army 
aircraft.  Unfortunately, the AVA is not permanently 
installed and the fielded sensors are limited in frequency 
resolution.  The Vibration Measurement Enhancement 
Program (VMEP) is a diagnostic tool under 
development by that is currently installed on UH-60s 
and AH-64s at the South Carolina Army National Guard 
[2].  It is a permanently installed on-board system that 
duplicates all AVA functionality and also monitors 
vibration levels of rotating components on the aircraft.  
Diagnostic algorithms for typical gearbox and bearing 
faults are used to monitor the health of dynamic 
components.  However, the VMEP system is not 
currently installed on any H-47s. C
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Objectives 
The U.S. Army Aviation Directorate, 

Aeromechanics Division conducted an investigation to 
acquire baseline vibration measurements on an 
unfaulted H-47 swashplate.  Vibration measurements 
were acquired on the forward and aft nonrotating 
swashplates on a field CH-47D with swashplate 
bearings that passed manual inspections.  This paper 
details the setup, acquisition, and analysis of the on-
aircraft data using the AVA and VMEP systems. 
 

Analytic Approach 
Vibration analysis can be used to detect bearing 

faults early in the fault progression.  Rolling element 
bearings generate characteristic vibration signatures in 
several ways.  If a roller or a ball has a defect such as a 
pit, each revolution will result in an impact that is 
transmitted to the bearing housing.  The fundamental 
frequency of these impacts is called the ball spin 
frequency (BSF).  If the bearing inner race has a defect, 
then each ball will produce a shock as it passes giving 
rise to a fundamental vibration frequency called the 
ballpass frequency, inner race (BPFI).  Likewise a fault 
on the bearing outer race will produce a frequency at the 
ballpass frequency, outer race (BPFO). 

The defect frequencies can be easily calculated 
from the bearing geometry [3].  A typical ball bearing, 
shown in Figure 1, consists of an inner and outer race 
separated by the rolling elements usually held in a cage. 

The equations for the fault frequencies where the outer 
race is stationary is as follows: 
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For the H-47 swashplate bearing, the inner race is fixed 
while the outer race rotates with the main rotor.  This 
geometry has no effect on the inner race and outer race 
fault frequencies, but does change the calculations of 
the cage fault frequency. 
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D

a  = +     
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Different fault detection techniques are employed 
to enhance the known vibration characteristics from the 
fault.  The narrow band spectrum analysis is used to 
identify the fundamental fault frequencies previously 
outlined.  The shock pulse method quantifies the high 
frequency short impulse nature of the fault.  The 
cepstrum analysis evaluates the harmonic content 
created by the short duration of the fault impulses.  The 
demodulation technique translates down the fault 
frequencies that are present in the high frequency 
spectrum.  Each analysis is described in greater detail in 
the following sections. 
 
Spectrum Analysis 

Spectrum analysis of vibration data is simply the 
method were the time domain data is Fourier 
transformed into the frequency domain.  Each fault is 
known to create a spectral component at the fault impact 
frequency.  The spectrum is plotted and inspected for 
the magnitude at the fault frequency.  The fault 
frequencies are calculated from the kinematics of the 
bearing, which are determined by the geometry of the 
bearing. 

 

 
Figure 1. Basic Rolling Element Bearing Geometry 

The advantage of the spectrum analysis method is 
that is very easy to use and interpret the results.  If a 
fault frequency is detected, then the location of the fault 
is immediately known.  The data can be analyzed fairly 
rapidly depending on the resolution required.  There are 
several disadvantages of the spectrum analysis method.  
It is not very sensitive to bearing faults when they are in 
the early stages.  Many times the fundamental bearing 
fault frequencies are very low in amplitude and will 
become lost in the background noise.  Also, the high 
frequency fault components can become hard to identify 
if there is any speed fluctuations of the rotor.  The speed 
fluctuations can cause smearing in the frequency 
domain if fluctuations become too large.  Finally, if 
there is any slip in the bearing the fault frequencies do 
not appear where they are calculated.  For a bearing that 
is experiencing a great deal of slip, the fundamental 
train frequency (or cage pass frequency) is needed 
before any fault frequency can be identified. 

To illustrate the spectrum analysis technique, 
seeded fault data from a bearing test rig is shown in 
Figure 2.  The test rig was run at the University of 
Cincinnati as part of the NASA Health Monitoring 
Technology Center [4].  The seeded fault rig was used 
to measure vibrations with known rolling element faults.  

 



The data shown in the top plot of Figure 2 is for the 
baseline (no fault) test, while the data shown in the 
bottom plot is for an outer race defect.  The 1X and 2X 
BPFO of 321.12 and 642.24 Hz show up on the lower 
plot, but the amplitude of the 1X peak does not 
necessarily stand out significantly when compared to 
the baseline. 

Cepstrum Analysis 
Cepstrum analysis is basically the Fourier 

transform of a frequency spectrum [5-6].  This analysis 
technique is used to detect echo and harmonic patterns 
in a spectrum.  Historically the cepstrum analysis was 
utilized for acoustic data interpretation.  Overlapping 
harmonic data is difficult to analyze in the frequency 
domain.  When the cepstrum is computed, peaks in the 
cepstrum domain show which frequencies are repeated 
in the spectrum. 

 
Figure 2. Seeded Fault - Spectrum Analysis 

A fault in a bearing will create harmonics of the 
fault frequencies.  This is because the fault will create a 
series of repetitive impulse-like signals spaced at time t.  
The Fourier transform of the pulses results in a line 
spectrum where the distance between the lines is 1/t.  
The individual fault components may be of a low 
energy and hard to detect, but the sum of all the 
harmonics can add up to a significant level.  Also, 
harmonics of the fault can be created by the nature of 
the fault.  Consider the ball fault: as a defect in the ball 
rotates it first will contact the inner race, and then will 
contact the outer race.  This means that there will be a 
2x excitation at the ball fault frequency. 

The cepstrum technique evaluated was the power 
cepstrum.  This is a “one way” analysis implemented by 
taking the Fourier transform of the log power spectrum.  
Once the power cepstrum is calculated, it cannot be 
reversed like the complex cepstrum that retains the real 
and imaginary components.  The complex cepstrum is 
used when filtering (“liftering”) and inverse Fourier 
transforming is performed to reconstruct the spectrum 
with individual sources removed.  The equation for the 
power cepstrum is 

Shock Pulse Method 
The shock pulse method measures high frequency 

components that are a result of bearing faults.  As a ball 
or roller passes over a faulty area in the bearing, the 
impact sends a small shock pulse through the system.  
This pulse excites all frequencies in the mechanical 
structure.  The bearing and mounted accelerometer 
system has a resonant natural frequency, usually above 
the typical frequency range of interest.  However, this 
frequency can be useful when looking for the shock 
pulse from a faulty bearing, because the fault has the 
effect of a very small hammer ringing the “bell” or 
natural frequency of the system. 

 ( ) ( )( ){ }2
logxC t x t=  F F   (5) 

An example of the cepstrum technique is illustrated 
below.  First, a signal is constructed by adding 7 sine 
waves separated by 20 Hz as shown in Figure 3a and b 
for the time waveform and FFT, respectively. 

The shock pulse method is fairly simple to 
implement for fault detection.  The spectrum of the data 
is viewed in the high frequency range (at the mounted 
sensor’s natural frequency).  The amplitude of these 
components in the spectrum can be recorded and 
trended.  As the fault progresses, the amplitudes will 
increase. 

 
a) Time Waveform 

The advantage of the shock pulse method for fault 
detection is that it is very easy to implement with 
standard data acquisition equipment.  The increasing 
levels at the system natural frequency will give advance 
warning that some impulsive forcing function is present.  
The disadvantage of this method is that it will not 
identify the source of the fault.  The source could be any 
type of bearing fault such as inner race or outer race, 
and it could be originating from any number of different 
bearings in the system. 

 



Demodulation of Fault Information 

b) Spectrum 

 
c) Cepstrum 

Figure 3. Power Cepstrum Example 

Amplitude modulation is the multiplication of one 
signal by another in the time domain [7].  This process 
will give rise to new frequencies in the frequency 
domain that are not present in either of the signals 
involved in the modulation.  The new frequencies are 
called sidebands.  The process of modulation is very 
different than addition or superposition of signals where 
the Fourier transform is used to unravel or separate the 
signals.  Instead, the modulation is a nonlinear process 
that is not well suited for the standard Fourier transform 
techniques. 

Figure 4a is the resulting waveform from a low 
frequency sine wave at 150 Hz amplitude modulating a 
high frequency sine wave at 1200 Hz.  The low 
frequency, or modulating signal, causes the amplitude 
of the high frequency signal to fluctuate at the rate of 
the modulating signal.  The frequency spectrum of the 
modulated waveform can be seen in Figure 4b.  The 
high frequency carrier is shown along with two new 
sideband frequencies.  Notice that there is no 
component at 150 Hz!  The spacing between the carrier 
and the sidebands is equal to the original modulating 
frequency of 150 Hz. 

 
a) Time Waveform 

 
b) Spectrum 

Figure 4. Demodulation Example 

The power cepstrum clearly shows the spacing 
between the seven frequencies by the large peak at 0.05 
seconds in Figure 3c.  The x-axis is called Quefrency 
and has the units of 1/Hz or time.  The y-axis is relative 
amplitude and has no real physical meaning.  The first 
peak in the cepstrum plot corresponds to the 20 Hz 
spacing in the spectrum (1/0.05 = 20). 

The Cepstrum analysis is especially good at 
detecting bearing faults and can detect the exact location 
of the fault.  Many times the fault frequencies cannot be 
identified in the spectrum because they are at such a low 
level compared to the background noise.  The cepstrum 
analysis will enhance these frequencies because of the 
harmonic nature of the fault signal. 

One disadvantage of the cepstrum analysis 
technique is that the output needs to be interpreted 
correctly to maximize the usefulness of the algorithm.  
Harmonics in the Quefrency domain (called rahmonics) 
are a common side effect.  The fundamental frequency 
is the peak furthest to the right of the plot, which is 
opposite the standard way of finding the fundamental 
frequency.  Also, the cepstrum analysis is not effective 
in finding non-harmonic faults such as unbalance. 

 



A trigonometric identity can be used to describe 
this modulation effect.  Consider a fault frequency ω1 
and a carrier frequency ω2 that has a DC component.  
The multiplication process can be represented by an 
addition process as follows: 
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1 2

1 2 1 2 1
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The demodulation technique is very good at finding 
bearing faults.  The exact location of the fault is 
determined by the fault frequencies that are enhanced.  
Since bearing faults in early stages have very low 
energy at the fundamental frequency, the demodulation 
technique will increase the sensitivity to detect the 
faults.  The disadvantage of this method is that it 
requires extra computations and some judgment by the 
user.  The high and low pass filters need to be set so that 
the information desired is included in the bandwidth. The frequencies (ω1 + ω2), (ω1 − ω2), and ω1 are the 

only frequencies that appear in the spectrum. 
The seeded fault data showed the demodulation 

technique was effective in increasing the fault signature 
of inner race, outer race and ball faults.  Figure 5 shows 
the comparison of the demodulated spectra for the 
baseline (no fault) on top and the Outer Race Fault on 
the bottom.  The fault frequency of 321 Hz is obvious. 

Bearing faults can become modulated because the 
fault rotates into and out of the load zone.  The load 
zone could result from the 1G down force on the rotor, 
or could be a misalignment force on the bearing.  For 
every rotation of the shaft the amplitude of the fault 
frequency will modulate in amplitude.  For the faults 
that rotate such as the inner race fault and the ball fault, 
this modulation mechanism is easy to verify.  The outer 
race fault will always develop in the load zone, so the 
amplitude will not vary with shaft rotation. 

 
Figure 5. Seeded Fault - Demodulated Analysis 

The demodulation process has the effect of 
extracting the envelope information from the high 
frequency periodic impulses that are present in outer, 
inner, and ball faults.  The short duration impulses will 
cause the high frequency structural modes of the bearing 
to be excited.  These pulses have very little energy 
content at the fundamental frequency.  If the ringing 
impulses are passed through a full-wave rectifier and 
then low-pass filter to smooth the shape, then the 
demodulated pulse lasts longer and therefore the energy 
content at the fundamental and lower harmonic 
frequencies is increased.  

The process of demodulation involves 4 steps.  
First, the signal is high pass filtered.  This step zeros out 
the low frequency range and provides a clean slate for 
the demodulated information to be displayed.  The 
cutoff frequency for the filtering should be just above 
the frequency range of interest.  For example if you are 
interested in the ball pass fault frequency (BPF) and 2x 
BPF, then you would select the frequency to be about 
2.5x BPF.  The second step in signal demodulation is to 
rectify the data.  This is simply setting all the negative 
components to zero.  The effect of rectifying is to 
enhance the low frequency modulation on the signal.  
The third step involves low pass filtering of the 
previously rectified data.  This insures that all the data 
that is being viewed is the low frequency modulated 
waveform.  All the discontinuities that are a result of the 
rectifying process are eliminated.  The last step is 
simply to FFT the filtered and rectified data.  The fault 
frequencies that were modulated to high frequencies 
will be enhanced and self-evident.  All the low 
frequency noise in the original signal will have been 
eliminated so the fault frequencies stand out clearly. 

Experimental Test Approach 
Instrumentation Setup 

A CH-47D from the Aviation Support Facility at 
Olathe, KS that had passed the manual swashplate 
inspections was selected as the test aircraft.  The 
forward and aft nonrotating swashplates were each 
instrumented with three different accelerometers.  The 
accelerometers were the AVA-fielded Wilcoxon 991D, 
the high-frequency Wilcoxon 766 and the VMEP 
Dytran 3077 integral accelerometers.  Bearing faults can 
excite high frequency modes of the swashplate.  The 
Wilcoxon 991D accelerometer has a linear frequency 
range to 10 kHz.  Therefore the Wilcoxon 766 
accelerometer, which has a frequency linear frequency 
range to 15 kHz, was included in the test.  Although not 
currently fielded, it is accepted by the AVA.  The 
accelerometers were hard mounted to metal blocks, 
which were then bonded to the lower surface of the 
swashplate.  The locations of each accelerometer are 
shown in Figure 6 and Figure 7 for the forward and aft 
swashplates, respectively. 
 

 



 

 

a) View A – Wilcoxon 991D Accelerom

b) View B – Wilcoxon 766 Accelerome

c) View C – Dytran 3077 Integral Acce
Figure 6. Forward Swashplate Instr
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Data Acquisition Setup 
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b) Aft Swashplate, Wilcoxon 991D Accelerometer 
Location 

Figure 8. Frequency Response Functions 

The VMEP system was configured to acquire raw 
time domain data as well as processed spectral data and 
Condition Indicators (CI).  The system has a flexible 
setup design, in which an external MicrosoftTM Access 
database is used to configure the data acquisition setup.  
The setup was configured to perform the same 
acquisition and data process for each of the Mode and 
State selections on the VMU as shown in Table 1. 
 

Table 1. VMU Mode and State Setup 

Mode Switch State Switch 
Flight FPG100 
Flight Hover 
Flight 80K 
Flight 120K 

  
For each Mode and State selection the VMU 

collected data when the “Do” button was pressed.  Each 
data collection included the following for the Forward 
and Aft Swashplate accelerometers: 

Spectral Analysis 
The fault frequencies were calculated for the 

Forward and Aft Swashplate bearings using Eqns. (1) to 
(4).  The CH-47 Swashplate bearing can be assembled 
with 102 or 104 balls.  For this reason, the fault 
frequencies were calculated for both cases as shown in 
Table 2. 

• 262,144 point raw time record 
• 6400 point spectrum from 0 to 18,750 Hz 
• Shock Pulse Condition Indicator 

 • Demodulated Spectra CI for 1X bearing fault 
frequencies Table 2 - Swashplate Fault Frequencies 

• Demodulated Spectra CI for 2X bearing fault 
frequencies 

Rotor Speed (fs) 3.75 Hz 
Ball Diameter (d) 0.4375 in 
Pitch Diameter (D) 15.75 in 
Contact Angle (a) 30 degrees 
Number of Balls (Nb) 102 104 
1 BPFO 186.65 Hz 190.31 Hz 
2 BPFO 373.30 Hz 380.62 Hz 
1 BPFI 195.85 Hz 199.69 Hz 
2 BPFI 391.70 Hz 399.38 Hz 
1 BSF 67.46 Hz 67.46 Hz 
2 BSF 134.92 Hz 134.92 Hz 
1 CFF 1.92 Hz 1.92 Hz 
2 CFF 3.84 Hz 3.84 Hz 

 
Test Results 

Impact Test 
A brief RAP (response analysis pulse) test was 

conducted before the flight-tests to determine the 
natural frequencies of the swashplates.  The response 
was measured on the swashplates by the Dytran 3077 
accelerometers and by an accelerometer bonded to the 
Wilcoxon 991D-mounting block.  Examples of the 
measured frequency response functions are shown in 
Figure 8.  Both swashplates have high frequency modes 
between 18 and 20 kHz. 
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a) Forward Swashplate, Dytran 3077 Accelerometer 

 
The vibration spectral data was plotted for the 

Hover test condition and is shown in Figure 9.  The only 
peaks that correspond to any of the fault frequencies 
defined in Table 2 are the ball spin frequency (BSF) of 
67.4 Hz and the 2X inner race ballpass frequency (2 
BPFI) of 391.70 Hz on the Forward Swashplate bearing.  
However, the 2X BPFI frequency is difficult to identify 
because it is so close to the aircraft power frequency at 
400 Hz.  But the aft sensor does not show a peak at 400 
Hz, likely ruling out aircraft power as the source of the 
peak on the forward swashplate. 
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b) Aft Swashplate Spectrum 

Figure 9. Vibration Spectral Data 

 
b) Aft Swashplate Time Record 

Figure 10. Raw Time Domain Records 

67.38, 0.51) Ball Spin Freq

 
Figure 11. Time Record around Impulsive Event 

 
Shock Pulse 

The raw time domain data is plotted for both 
bearings in Figure 10.  Note that the Forward 
Swashplate Bearing had several impulsive vibration 
responses during the data acquisition.  The impulsive 
event appeared to be a “tick” or “click” as recorded by 
the accelerometer.  The time domain data was expanded 
around the event and is shown in Figure 11.  The natural 
frequency of the ringing effect shown in this figure was 
determined to be around 8500 Hz. 

The wide band spectral data from this time record is 
plotted in Figure 12.  It can be seen that there is a 
corresponding “hump” in the spectrum for the Forward 
Swashplate sensor near 8000 Hz that is not present in 
the Aft Swashplate.  The natural frequencies that were 
identified from the impact test and shown in Figure 8 
did not show nearly the activity that was expected.  The 
CIs that were initially programmed for the test had the 
shock pulse energy calculated for 15000 Hz to 18750 
Hz.  In retrospect, a second frequency range from 7500 
to 10000 Hz should also have been programmed.  The 
CIs calculated on the VMU for this test are shown in 
Table 3.  It should also be noted that the number of 
flight-hours on the bearings since their last overhaul was 
627 for the Forward bearing and 341 for the Aft 
bearing. 

 
a) Forward Swashplate Time Record 

 
Table 3 - Energy CI from VMEP PC-GBS 

Test State FWD Energy CI AFT Energy CI 
FPG100 0.55 0.25 
Hover 0.47 0.09 
 

 



 
a) Aft Swashplate Cepstrum 

Figure 13. Power Cepstrum 
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a) Forward Swashplate Wideband Spectrum 
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b) Aft Swashplate Wideband Spectrum 

Figure 12. Wideband Vibration Spectra 

Signal Demodulation 
The raw time domain signal was first high-passed 

filtered with a 100-pole fir filter set at 7500 Hz.  The 
resulting signal was rectified and low pass filtered 
before being windowed and averaged.  The resulting 
signal is shown in Figure 14.  It can be seen from the 

 
a) Forward Swashplate Demodulated Spectra 

 
b) Aft Swashplate Demodulated Spectra 

Figure 14. Demodulated Spectra 

 
Cepstrum Analysis 

The Power Cepstrum was calculated from the raw 
time domain data and is shown in Figure 13.  The 
Forward Swashplate Bearing had strong Cepstral peaks 
at 1.92 Hz and the rahmonic at 3.84 Hz.  These peaks 
correspond to the 1X and 2X cage frequency from Eqn. 
(4).  The Aft Swashplate bearing did not have any 
Cepstral peaks at all. 

 
a) Forward Swashplate Cepstrum 

 

 



 

plots for the Forward and Aft Swashplate that there 
were no clear signals that demodulated.  The Forward 
sensor showed a peak near 22 Hz, but this does not 
correspond to a fault frequency. 
 

Conclusions 
This paper outlined the technical approach and the 

results from vibration testing of CH-47D swashplate 
bearings.  Classical bearing fault spectral analysis, 
spectral based energy analysis, Power Cepstrum 
analysis and amplitude demodulation envelope analysis 
techniques were discussed.  Baseline vibration 
measurements were acquired using the AVA and 
configurable VMEP systems on the Forward and Aft 
Nonrotating Swashplates of a field CH-47D that had 
passed manual swashplate inspections. 

The fault frequencies were calculated for 
swashplate bearings with 102 and 104 balls.  Although 
both swashplates passed manual inspections, the 
Forward Swashplate bearing did show more vibration 
fault characteristics than the Aft Swashplate bearing.  
The number of flight-hours on the bearings since their 
last overhaul was 627 for the Forward and 341 for the 
Aft.  Spectral Data showed more peaks on the Forward 
bearing at the Ball Spin Frequency.  Shock Pulse 
analysis also showed impulsive events from the 
Forward bearing sensor, which corresponded to higher 
calculated condition indicators.  Power Cepstrum 
analysis showed clear repetitive frequencies that 
corresponded to the cage frequency.  The amplitude 
demodulation envelope analysis did not reveal anything 
of interest. 

As stated earlier, the purpose of this investigation 
was to acquire baseline vibration measurements on an 
unfaulted set of bearings.  Future work may include 
seeded fault testing on an H-47 bearing test rig.  
Furthermore, swashplate sensors are being permanently 
installed on a CH-47D at Ft. Rucker, AL to acquire 
vibration data throughout its normal usage. 
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