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PREFACE

While working on primary vibration standards in the early 1950’s, we were
frequently visited by engineers from various parts of the United States and other
countries. These engineers came to visit us at the National Bureau Standards
with a common purpose . They simply wanted to unravel the mystery of obtain-
ing reasonable accuracy whiJe calibrating accelerometers and other vibration
measuring instruments. A common problem was that engineers and technicians
would obtain different calibration results with errors sometimes greatly exceed-
ing 10 percent. Fortunatel y, with a few years of effort it was possible to reduce
calibration errors by more than an order of magnitude. This was accomplished
by performing the absolute reciprocity calibrations on primary vibration stand-
ards. Thereafter , it was still a proble m for some laboratori es to obtain good
accuracy when performing calibrations. This problem had to do with certain
shortcomings with calibration instruments as well as a lack of familiarity with
the performance characteristics of accelerometers and how these characteristics
might produce errors due to poor motion in the calibration shakers.

It helps to be familiar with the performance characteristics of accelerometers
and vibration instruments. This is one of the goals of this monograph , i.e. to
describe the vibration instruments in detail to provide the engineer with informa-
tion to use when doing calibration work. However , this need to be familiar with
accelerometer performance characteristics is minimized by using high-quality
calibratio n shakers and high quality standard accelerometers. Fortunately, after
about 25 years of effort at the National Bureau Standards and at leading corn-
mercial calibration laboratories , these high quality shakers and high-q uality,
primary vibration standards are now available .

This monograph is the culmination of a very enjoyable career in performing
calibrations on vibration instruments. It is hoped that it will be a widely used
reference for those responsible for performing calibration of vibration instru-
ments. Even though there has been considerable progress in most calibration
laboratories , there is still a need for many concerned with shock and vibration
measurements to be better informed with the performance characteristics of
vibration instruments and with the use of accelerometers in making accurate
measurements.

The success of writing any worthwhile manuscript depends heavily upon the
assistance of others. Barney Epstein , now retired , provided a very worthwhile
service in completing the final draft. His help in the final editing and illustrations
is worthy of my sincere appreciation. The Shock and Vibration Information
Center provided a needed service of having the manuscript reviewed by other
specialists. They included John Ramboz at the National Bureau of Standards and
Merv Oleson at the Naval Research Laboratory , as well as others. Their assistance
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in providing detailed comments and suggestions was very helpful. As always, thestaff at SVIC has done a marvelous job in the final editing process and publishingof the monograph.

R. R. BOUCHETu/ unga, California
July 1979
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CHAPTER 1
FUNDAMENTALS FOR CALIBRATION

It is important , in preparing for the calibration of shock and vibration instru-
ments , to review the fundamental characteristic s of sinusoidal motion , random
vibration , and shock motion. Most shock and vibration measurements are made
with accelerometers velocity pickups and displacement measuring devices are
used in special applications. All of these transducers can be calibrated by sinu-
soidal motion excitation. Sinusoidal motion calibrations are easily performed at
amplitudes up to 10 g. It is also desirable to perform shock motion calibrations
to determine the amplitude linearity characteristic s of accelerom eters. Shock
motion calibrations are performed at higher accelerations , up to about 10 000g.

The terminology of calibration is found in a number of publications. For con-
venience the frequently used definitions are given in this chapter. International
System (SI) units are used in this monograph , and equivalent English units are
given throughout.

1.1 Sinusoidal Motion

Sinusoidal motion is illustrated in Fig. 1-1. This motion is periodic , and each
cycle is an exact reproduction of all others L i i . The motion consists of steady-
state vibration at a single f requency. During calibration the frequency may be
changed manually or automatically over the range of interest. The frequency of
vibration is given by

f J±~_ _ L  (1-1)
2ir T

where

f —~ frequency , Hz
w = circular frequency rad/ s
T = period of vibration.

The nature of sinusoidal vibration is that the variation with time of displace-
ment , velocity, acceleration , and jerk has exactly the waveform illustrated in
Fig. 1-2 . The amplitudes of these quantities are given by the following equa-
tions:

x -
~~~

- sin (2irfr) (1-2)

~



-

~~~~

2 CALIBRATION 01: SHOC K AND VIBRATION MEASURING TRANSDUCERS

x 
~

/

/.
__%

~ 

‘

Fig. 1-1. Curve representing sinusoidal motion as a function of time

TIME

Fig. 1-2. Phase relationships between dis-
placement velocity and acceleration of a
body subjected to sinusoidal motion
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~~ 2irf -~ - cos (2irft ) (1- 3)

d 2 D
a = —i - (2irf) 2 — sin (2 irf t )  ( 1 4 )

dt 2 2

d3 DK — ~ = - (2irf) 3 — cos (2nft ) ( 1-5 )
dt 3 2

where

x = the instantaneous values of the displacement motion at any time t , in
meters (in.)

D = the double displacement amplitude , in meters (in.)
the instantan eous value of the velocity motion at any time t , in meters
per second (in./s)

a = the instantaneous acceleration motion at any tim e t , in meters per second
squared (m is2)

K = the instantaneous jerk motion at any time t , in meters per second cubed
(in./ s3)
I frequency , in hertz
t = time , in seconds.

It is customary to refer to displacement measurements with the peak-to-peak
value , as in Figs. 1-2 and 1-3 . This is because d isplacement measuring vibration
instruments normally indicate this value. These instruments include vibrating
wedges , microscopes , and dial indicators. On the other hand , it is customary to
express acceleration by the peak value. According ly, accelerometers are call-
brated in terms of peak electrical output divided by peak acceleration. Similarly,
velocity pickups are calibrated in terms of peak electrical output divided by peak
velocity .

Indicating instruments such as voltmeters may be calibrated in rms units. An
rms indicating meter provides the rms value of acceleration or velocity when
used with accelerometers or velocity pickups. The rms value of sinusoidal vibra-
tion is 0.707 times the peak value . It is best to use consistent units: i.e., peak
output with peak vibration amplitude. Sometimes the rms value of the electrical
outpu t and peak value of vibration amplitude are used. For example , the sensi-

— tivity of an accelerometer may be expressed as rms millivolts divided by the
peak value of acceleration expressed in g units. However , the use of these mixed
units should be discouraged ; it is preferable to express acceleration sensitivity in
units of mV/g. 

~~~ - ----- 
~-‘- —- ~
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PEA K-TO-PEAK

Fig. 1-3. Relative magnitudes of rms , peak , and peak-to-peak measurements of a sine
wave

Note that

my mV pk 
= 

mV rms 
= 

1 .41 m V  m s
g g p k g rms g p k -

Equations (I -2)—( 1 -5) describe the relationships among displacement , veloc-
it y , acceleration , and jerk motion for all sinusoidal vibrations. The minus signs
indicate simply that the acceleration motion and jerk motion are 180 degrees
out of phase with displacement motion and velocity motion , respectively. Jerk
motion is of interest in only a limited number of cases , such as the discomfort
felt in a decelerating vehicle. Also , transducers for measuring jerk and cal ibra-
tions in jerk units are not in common use.

Vibration measurements are most frequently made with accelerometers and
are usually expressed as the peak value of acceleration. In low-frequency applica-
tions , for which most measurements are made below 50 Hz , the vibration is
sometimes expressed as double displacement amplitude . The quantitative rela-
tionship between the peak acceleration and peak-to-peak displacement is deter-
mined from Eq. ( 14) by using unity for the sine term.

G = 2 .0I4Df 2 for D in meters
(I -6)

G = 0.0511 Df 2 for D in inches

where

G = peak acceleration in gravity units (I g = 9.807 rn/s2 or 386 in./ s2 ).

L_ .  -
. -~~- -  —~ -~~~~~ -- -
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Fig. t-4a . Linear vibration nomograph in metric units (Endevco)

It is common practice to determine double displacement amplitude from ac-
celeration measurements and vice versa. Calculators are commonly used to com-
pute Eq. (1-6). Also , the relationship among displacement , acceleration , and
velocity can be determined from the nomograms in Fig. 14. Figures l4a and
1-4b apply to rectilinear motions , and Fig. l4c to rotational motion.

1.2 Complex Waveforms

Harmonic Distortion

The ideal motion for calibrating vibrati on measuring instruments is sinusoi-
dal , with no acceleration waveform distortion. Under certain conditions har-
monic distortion is present. This distortion typically is at odd integer multiples
of the excitation frequency , usually the result of a smal l magnitude of odd har-
monic distortion in the shaker driving signal exciting the resonance frequency of
the transducer or shaker. For example , Fig. 1-5 illustrates the presence of a third
harmonic distortion [2J .  The complex waveform is produced by the vibration
taking place in a shaker or other body being excited simultaneously at the funda-
mental and third harmonic frequency. If the complex ~not ion contains more

L ~~~~~

_ . 
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Fig. 1-4b. Linear vibration nomograp h in units of inches (Endevco)

than two frequencies , these frequencies could be determined by Fourier analysis
for periodic vibration. When instruments for sinusoidal calibrations are carefully
selected , it is unusual for more than two frequencies to be present at one time.
Usually only the third , fifth , seventh , or ninth harmonic of the excitation fre-
quency is present. With good-quality shakers this harmonic distortion should be
present only at frequencies above the operating frequency mange of the vibration
instrument being calibrated.

Random Vibration

Random vibration enters into calibration only in the decision of whether it
can be measured accurately by the vibration instruments being used. For ex-
ample , can an accelerometer calibrated with sinusoidal motion be used to meas-
ure random vibrations? The answer is provided by a brief review of the charac-
teristics of random vibration.

Random vibration is present when the instantaneous magnitude can be
specified only by the probability that the amplitude will be within a specified

-

~
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Fig. l-4c. Angular vibration nomograph in units of rads (End cvco)

range durin g a specified time interval.  In general , random vibra t i ons  are aperiodic
and cannot be evalua ted by Fourier analysis. The frequency components in
random vibrations may be obtained by passing the vibration signal through nar-
row band-pass filters, If reasonable care is taken in selecting the vibration meas-
uring instruments , the amplitudes and frequencies in the random vibration
should correspond to the operating range of the instruments .  For example , a
properly selected accelerometer will be linear and have constant sensitivity
throughout the amplitude and frequency range of interest . Also , it should have
proportional phase response. Sinusoidal cal ibrations arc used to verif y these
characteristics. Thus , sinusoidal motion calibrations are suf f i c ien t  for demon-
strating that properly selected vibration measuring instrument s ate suitable for
accurate measurements of random vibrations - 

~_ _ _ ._L_ :~~:__~_ 
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~~~~~~~~~~~~~~ oIs

h g. 1-5 . Complex motion re-
sulti ng from the addition of a
third ha rmonic to the funda-
mental frequency

13 Shock Motion

The most accurate shock motion calibrations are performed on machines that
prod uce pulses of near half-sinusoidal waveform. Pulse durations should be
selected to correspond with those experienced in service, It is relatively simpl e
to produce short-duration shock motion pulses in the range frc-m lOOp s to I ms.
Present-day shock motion calibrators do not produce 1on~~r pulses up to 100
ms , which correspond to those encountered in some applications. Therefore ,
sinusoidal mot ion calibrations are used to verify the performance of vibration
measuring instruments at low frequencies corresponding to those of the longer
shock motion pulses.

Fourier analysis is used to determine the frequency components of shock
pulses (31 - Figure 1-6 shows the frequency components contained in a half-
sinusoidal pulse , where w~ = ir/i- and r = pulse duration . This spectrum diagram
indicates that a large number of sinusoids are present in the pulse , with signifi-
cant amplitudes up to ~~~ = 4 , or a frequency of up to twice the reciprocal of
the pulse durat ion. Accordingly, accelerometers should be selected to have an
operating frequency range corresponding to frequencies of at least twice the
reciprocal of the shortest pulse duration of intended use . The requirements are
similar for other pulse shapes encountered in shock motion applications .

Shock Spectrum

Shock testing is frequent ly specified by the shock spectrum [4~ . The shock
spectrum is of interes t in making a fragility assessment , and desi gn work is con-
cerned with the maximum inertial loading resulting from a specified shock

~~Ir - 
-, - 

- 
- 
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motion. It is desirable to determine the maximum displacement or acceleration
amplitudes produced in mechanical systems during shock excitation. The shock
spectrum provides the means for computing these amplitudes for any simple
singl e-degree-of-freedom system (Fig. 1-7) [5].

The primary shock spectru m (Fi g. 1.8) indicates that a single-degree-of-
freedom system having a natural frequency of about twice the reciprocal pulse
duration produces an acceler ation amplitude of approximately 1.7 times the
peak acceleration in a half-sinusoidal pulse [6] - This acceleration is reached dur-
ing the pulse . After the pulse is ended , the residual spectru m (Fig. 1-8 ) indicates
that the acceleration amplitude reached is only slightly more than half the peak
acceleration of the pulse .

The shock spectra of the various pulse shapes are of interest. It is unnecessary
to consider spectra when performing shock motion calibration s. Instead , care is
taken that the shock motion calibrations satisfy the requirements determined by
the Fourier spectrum of the various pulse shapes of interest.

NORMALIZED FREQUENCY (o.~/ w - J
0 1  .5 .63 8 1.0 2 5 1 10

N

JThL
—“I i- I—

IT
we T

F ig. 1-6. Fourier spectra of a half-sine pulse

________________ _______________________________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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10 CALIBRATION 01-’ SIRX K AND VIBRA TION MEASURING TRANSDUCERS

EXCITATION RESPONSE

_______ 
WHERE:

M = M A S S

C = D A M P E R

Fig. 1-7. A simple single~~egree~~f-f recdom system

w~~~ 2I

2f~T
1:1g. 1-8. Primary and residual shock response spectrum for a half-sine shock pulse

Velocity and Displacement AtMplitudes

Some familiarity with the velocity changes and displacement amplitudes
associated with shock pulses is desirab l-e. The half-sinusoidal pulse has a peak
acceleration given by the equation

a~~~4 0 sin —~~-- ;  O~~ r~~ r. (1-7 )r

I 

- - --  _ _
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integrating yields

v J adt (1-8 )
0

= ~~ (I ~~~~~~~~ 
-

~~~~) 

(1-9)

and

x j vdf  (1-10)
0

fA or 
~
-

=1— t — — sin —
II ( 1 - l i )

~~~71’ IT T /

where

r pulse duration , in seconds.

These equations apply only during the pulse , at any moment from zero to r . It is
of special interest to determine the velocity change and displacement produced
at the end of the pulse. At time r =

2A 0r
v0 = (1-12)

and

A 1~r 2
d0 = (1-13)

iT

where

A0 = peak acceleration , in meters per second squared (in./s 2)

v0 = velocity change , in meters per second (in./s)

d0 = displacement amplitude , in meters (in.).

Instantaneous velocity and displacement for a typical half-sinusoidal acceleration
pulse of I -ms duration are shown in Fig. 1-9 .
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1000 - g HALF ‘INE PULSE

I 4~~~~~~~~~~~~~~~~~~
ELOcITY

2

TIME . millIsecOnds

Fig . 1-9. Instantaneous velocity and displacement amplitudes for a I-ms
half-sine shock pulse

1.4 Units

It is desirable to use the International System (SI) of units in the cal ibration
laboratory . The units most often used in calibrating vibration measuring instru-
ments include meters , seconds, and meters per second squared. It is recom-
mended that multiple and submultiple prefixes be used in steps of 1000 rather
than using powers of 10. For example , it is better to express small displacements
in units of millimeter than meters times 1 O~~.

For convenience during the transition to the metric system , equivalent
English units are generally given in parentheses after the SI units.

The most useful SI unit for length or displacement is the millimeter. The
double displacement amplitude present during calibration of shock and vibra-
tion measuring instruments is of the order of 1 mm (0.03937 in.) to about 25.4
mm (1 in.). These are peak-to-peak values , since it is customary to express the
double displacement amp litude during the cal ibration and use of these instru-
ments.

Velocity is expressed as a single amplitude , in units of meters per second
(m/s) .

Acceleration is expressed as a single amplitude and has units of meters per
second squared (m/s’). However , it is customary to express acceleration as a
multiple or submultiple of g, the acceleration of gravity . The standard value of
gravity 1 g is equal to 9.806 65 rn/s2 . Finally , the conversion from rn/s2 tog
units is approximately a factor of 10. An acceleration of 98 m/s2 is approxi-
mately log.

—— --- -- — ~~~~~~~~~~~~~~~~~ 
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The SI unit for time is the second (s) .
The SI un it  for mass is the kilogram (kg). The uni t  of force is the newton (N).

It is good practice to observe this distinc t ion.
The relationship of force , mass , and accelera h ion is given by Newt on ’s first

law of motion;expres sed algebraically as

E = M o  ( 1- 14)

where

F = force , in newtons (lbf - in ./s2 )

M = mass , in kilograms (ibm)

a = acceleration , in meters per second squared (in ./s 2 org).

The unit of frequency is the hertz (Hz).
The SI unit for plane angle is the radi an (rad). However , it is permissible to

use the arc degree when the radian is not a convenient unit.
The accepted uni t for temperature is the degree Celsius (°C). The Celsius scale

has been called the Centigrade scale. The SI unit of temperature is the kelvin
(K), which is not usually used in engineering work. The kelvin temperature is
equal to 273. 15 plus the Celsius temperature. For example , a Celsius tempera-
ture of 20°C is 293 .15K.

Terminology

lt is help ful to review the terms most often used in shock and vib ration ,
particularly those concerning calibration. References 7 and 8 should be con-
suited for additional terms and definitions.

Acceleration. Accelerati on is a vector quantity that specifies the time rate of
change of velocity .

Acceleration admittance. Acceleration admittance is the complex ratio of
acceleration to force using sinusoidal excitation and includes the phase angle
between these quantit ies. It is sometimes referred to as “inertance. ”

Acceleration impedance 
~~~ 

Acceleration impedance is the complex ratio of
force to acceleration dur ing sinusoidal excitation and includes the phase angle
between these quantities. it is sometimes referred to as “dynamic mass ” or
“apparent weight.”

Charge converter. A charge converter is an electronic circuit that provides an
instantaneous output voltage proportional to the instantaneous electric
charge at the input.

Critical dam ping (c e). Critical damping is the minimum viscous damping that
will allow a displaced system to return to its initial position without oscilla-
tiOn .

~ 
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( y c e .  A e~cIe is the  comp lete sequence of values of a periodi c quant i ty  that
occurs dur ing a period .

Damped natural frequency (fj ). The damped natural frequency is the frequency
of tree v ibrat ion ot a damped linear system. The free vibrat ion of a damped
system may be considered periodic in the limited sense that the time interval

— 
betwe en i,cro crossIngs in the same direction is constant , even though socces-
sive amplitudes decrease progressive ly. The frequency of the vibration is t h e
reciprocal of this time int erval.  (Also see natural  frequen cy, undamped
natural  frequency)

Damp ing ratio (f) .  The damping ratio for a transducer with viscous damp ing is
the ratio of actual damping coeff icient ~ to critical damping coefficient c~.

Decibel (dB). The decibel is a uni t  th at denotes the magnitude of a quant i ty
with respect to an arbi t rar i ly  established reference value , in terms of the
logarithm (to the base 10) of the ratio of the quantit ies.

Displacement . Displacement is a vector qu anti ty that specifies the change of
position of a body or particle and is usually measured from the mean position
or position of rest. Practical m easurements , however , express displacement
magnitude in peak-to -peak values.

Displacement admittance. Displacement admittance is the complex ratio of dis-
placement to force during sinusoidal excitation and includes the phase angle
between these quantities.  It is sometimes referred to as “dynamic com-
pliance. ”

Disp lacement impedance (Zd) .  Displacement impedance is the complex ratio of
force to displacement durin g sinusoidal excitation and includes the phase
angle between these quanti t ies.  It is sometimes referred to as “dynamic
stiffness. ”

Distortion. Distortion is an undesired change in waveform . Noise and certain
desired changes in waveform , such as those resulting from modulation or
dete ctio n , are not usually classed as distortion .

Duration of shock pulse (r) .  The duration of a shock pulse is the time required
for the acceleration of the pulse to rise from some stated fraction of the
maximum amplitude and then decay to a stated fraction of this value.

Error (uncertainty). An error is the algebraic difference between the indicated
value and the true value of the measurand .

Excitation. Excitation is an externa l force or motion applied to a transducer ,
caus ing an outpdt .

Filter. A filter is a device for separating waves on the basis of their frequency. It
introduces relatively small insertion loss to waves in one or more frequency
bands and relatively large insertion loss to waves of other frequencies.

Free vibration. Free vibration of a system is vibration of a system that  occurs in
the absence of forced vibration.

Frequency (J ) . The frequency of a function periodic in time is the reciprocal of
the period . The unit  is the hertz (Hz) , in which represents cycles per second.

L . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Gravitational uni t ( ) .  The quan t i ty  g is the acceleration produced by the force
o f gra vi t y ,  w hich varies with the l a t i tude  and elevation of the point of obser-
vation. By inter nat ional agreement , the exact value 9.806 65 rn/s2 (386.088
m i s 2 ) has been chosen as the standard acceleration due to gravity.

Harmonic. A har moni c is a sinusoidal quant i ty  having a frequency that  is an
integral multiple of the frequency of a periodic quant i ty  to which it is re-
lated.

Linearity . Linearity expresses the closeness of a calibration curve to a specified
straigh t line. A linear transducer has a constant sensitivity over a specified
range of amplitude and frequency .

Measurand. A measurand is the physical quan t i ty ,  property, or condit io n to be
measu red .

Natural frequency. The natural frequency is the frequency of free vibration of a
system. For a multip le-degree -o f-freedom system , the natural frequencies are
the frequencies of the normal modes of vibration.

Noise. Noise is any undesired signal . By extension , it is any unwanted distur-
bance in a useful frequency band , such as undesired electric waves in a trans .
mission channel or device.

Peak-to-peak value. The peak-to-peak value of a vibratin g quanti ty is the al ge-
braic difference between the extremes of the quantity.

Period ( 7’). The period of a periodic quanti ty is the smallest increment of the
time variable for which the function repeats itself.

Piezoelectric transducer. A piezoelectric transducer is a transducer th at depends
for its operation on the deformation of certain asymmetric crystals , which
generates an electric charge .

Piezoelectric ity . Piezoe lectricity is the property exhibited by some asymmetri-
cal crystals that , when subjected to strain in a suitab le direction , develop elec-
tric polarization proport ional to the strain . Inverse piezoe lectricity is the
effect by which mechanical strain is produced in certain asymmetri cal cry-
stalline material s when they are subjected to an external electric field ; the
strain is proportional to the electric field .

Piezoresistive transducer . A piezoresistive transducer depends for its operation
on the change of resistivity of a semiconductor or other crystal as a function
of applied stress .

Phase angle. The phase angle of a sinusoidal vibration is the fract ional part of a
period throug h which the vibration has advanced or lagged from another such
vibration.

Pulse rise time. The pulse rise time is the interval of time required for the lead-
ing edge of a pulse to rise from some specified small fraction to some spe-
cified larger fraction of the maxi mum value .

Qual i ty factor (Q). The quant i ty  Q is a measure of the sharpness of resonance or
frequency selectivity of a reson ant vibratory system having a single degree of
freedom , either mechanical or electrical . In a mechanical system , this quan-
tity is equal to half the reciprocal of the damping ratio. It is commonly used

‘--“
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only with reference to a lightly damped system , and is then approximately
equal to the following:

I .  Transmissibility at resonance
2. 7r/ logarithmic decrement
3. 2~r P- / z ~W, where W is the stored energy and i~W the energy dissipation per

cycle
4. fr/Al’ where fr is the resonance frequency and Al is the bandwidth be-

tween the half-power points.

Random vibration. Random vibratio n is vibration whose instantaneous magni-
tude is not specified for any given inst ant of time. The instantaneous magni-
tudes of a random vibration are specified only by probability dis tribution
functions giving the probable fraction of the total tim e that  the magnitude
(or some sequence of magnitudes) lies within a specified range . Random
vibration contains no periodic or quasi-periodic consti tuents.  If random
vibration has instantaneous magnitudes that occur according to the Gaussian
distributio u , it is called Gaussian random vibration.

Resonance frequency. The resonance frequency is the frequency at which the
sensitivity of a transducer is a max imum. The resonance frequency is defined
only for linear transducers with a damping ratio less than l / ~J2. Additional
resonances corresponding to modes in which the principal displacements
occur locally in the spring, housing, or attachment fittings are sometimes
excited , particularly by shock motions.

Sensitivi ty (S). Sensitivity is the ratio of the change in transducer output to a
change in the value of the measuran d.

Shaker (vibration generator). A shaker is a device for subjecting a transducer or
other objects to controlled and reproducible mechanical vibration .

Shock. Mechanical shock is an aperiodic excitation (e .g ., a motion of the
foundation or an app lied force) of a mechanical system that is characterized
by suddenness and severity and usually causes significant rel ative displace-
ments in the system.

Shock calibrator. A shock calibrat or is a device for subjecting a transducer to
controlled and reproducible mechanical shock.

Shock pulse . A shock pulse is a substantial disturban ce characterized by a rise of
acceleration from a constant value and decay of acceleration to the constant
value in a short period of time. Shock pulses are normally displayed grap hi-
cally as curves of acceleration vs t ime.

Shock spectrum. A plot of the maximum response experienced by a single-
degree-o f-freedom system , as a function of its own natural frequency, in
response to an applied shock. The response may be expressed in terms of
acce leratio m~, velocity, or displacemen t.

Sinusoid al motion. A motion such that the displacement is a sinusoidal function
of time, It is sometimes called simp le harmonic motion.
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Standard deviation. Standard deviation is the square root of the variance: i.e.,
the square root of the mean of the squares of the deviations from the mean
value of a vibrating quantity -

Structural impedance. Structural impedance is the complex ratio of force to
motion during sinusoidal excitation , including the phase angle between these
quantities. Appropriate units are used , depending on whether the impedance
is expressed for displacement , ve locity , or acceleration motion .

Subharmonic response . Subharnlonic response is the periodic response of a
mechanical system exhibiting resonance at a frequency that  is a submultiple
of the frequency of the periodic excitation.

Superharm onic response . Superharmonic response is a term sometimes used to
denote a particular type of harmonic response that dominates the total
response of the system. It frequently occurs when the excitation frequency
is a submultiple of the frequency of the fundamental resonance.

Transducer (pickup). A transducer is a device that converts shock or vibratory
motion into an optical , mechanical , or (most commonly) electrical signal
proportional to a parameter of the experienced motion.

Undamped natural frequency (f~). Regardless of the damping present , the on-
damped natural frequency of a transducer is the frequency of sinsuoida l
excitation at which the motion of the mass element lags behind the motion
of the base or case of the transducer by a phase angle of 90 degrees. (see also
Natural Frequency, Damped Natural Frequency, and Resonance Frequency).

Transverse sensitivity . Transverse sensitivity is the sensitivity of a transducer to
motion in a plane perpendicular to the sensitive axis. It is usually expressed
in percent , as the ratio of the maximum transverse sensitivity to the sensitiv-
ity of the transducer.

Velocity . Velocity is a vector quantity that specifies the time rate of change of
displacement.

Velocity admittance. Velocity admittance is the complex ratio of velocity to
• force during sinusoidal excitation and includes the phase angle between these

quantities. It is frequently called mobility .
Velocity impedance (Z). Velocity impedance is the complex ratio of force to

velocity during sinusoidal excitation and includes the phase angle between
these quantities. Velocity impedance is frequently referred to as mechanical
impedance.

Vibration. Vibration is an oscillation wherein the quantity is a parameter that
defines the motion of a mechanical system.

_______________________________ —- .--5 - - ---5



CHAPTER 2
THEORY OF SEISMIC TRANSDUCERS

Accelerometers and velocity pickups are used for measuring mechanical shock
and vibration. This mechanical motion is changed into an electrical output by
a transducing element. Most accelerometers are built with one of the following
electrical transducing elements. Piezoelectri c elements , pi ezoresist ive strain
gages , wi re strain gages , diffe rential transformers , variable-capacitance elements.
variable-reluctance elements , or variable resistive poten tion ~et r ic elements.
Velocity pickups are built with electrodynam i c induct ive-coil transducers. All
of these operate on the princip le of the seismic transducer.

2.1 Basic Equations.

The basic elements of seismic transducers are illustr i ted in Fig. 2 - I ,  Virtually
all accelerometers and velocity pickups are described by this single-degree-of-
freedom seismic transducer . Some transducers frequentl y used have a relatively
low resonance frequency; the elements of such transducers are easily identified.
For example , the magnet in a velocity pickup may be a mass element (m), and
the wire strain gage in an accelerometer may be the spring element (k) .  These
relatively low-resonance transducers are built with springless masses and mass-
less springs.

Most accelerometers are slightl y more complicated. For example ,piezoelectric
accelerometers have relatively high resonance frequencies. Usually the mass
element consists of a dense metal component plus part of the piezoelectri c
ceramic elements. The spring element may consist of the piezoelectr ic cerami c
elements plus part of the base of the accelerometer. This means that it is dif-
ficult to compute the mass and stiffness of the elements from the physical
properties of its materials.

Eve n though the basic elements of a seismic transducer may be difficult to
describe precisely , it is important to review the theoretical response of such
transducers . If the resonance frequencies have been determined , for examp le
by calibration , the theoretical equations can accurately define the frequency
response and resonance characteristics of accelero meters and velocity pickups.
One of the purposes of calibrating is to determine how well the accelerometer
responds as a single-degree-of-freedom mechanical system.

Each of the elements possesses an infinitesimal amount of mechanical damping
(c). The damping is so small in peizoelectric ceramics and strain gages , for
example , that most accelerometers have nearly zero damping. Some accelero-
meters are filled with oil to induce significant amounts of damping and some
use gas or electrical damping. 
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Fig . 2-i . Basic elements of a single-degree-of- freedo m seismi c trans-
d ucer consisting of a mass element (in) supported by a spring (k)
with damping (c)

The equations of the seismic transducer are used to determine the magnitude
and phase relationshi p of the mass element ’s motion relative to that of the
moving part to which the transducer is attached . These equat ions apply for
sinusoidal motion. They are also useful for shock motions , since the components
of a pulse can be represented by a series of sinusoids.

The motion of the mass element is sinusoidal with the same frequency as that
of the case of the accelerometer or velocity pickup. The mass element ’s motion
relative to the base of an undamped accelerometer is constant , with no time lag
(i.e ., zero phase ang le) throughout its operating frequency range. A damped
accelerometer has a constan t mass element motion , but the time lag of this
motion relative to that of the accelerometer base varies with frequency. The
characteristics of undamped and damped velocity pickups are similar to those of
accelerometers , except that the operating frequency range of an accelero meter is
below its resonance frequency and the operating range of a velocity pickup is
above its resonance frequency. The same equations describe both types of trans-
d Bee rs.

The amplitude of the motion of the mass element relative to its base is give n
by

u (w/ o~,, )2
(2- I )

~J(l _~~~2 (~~~ )2 + 4 (~ 2~~ /~~~ )2
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where

= displacement amp litude of the transducer ’s mass element relative to
that of its case

o = displace m ent amplitude of the transducer case
= circular frequency of the transducer case or moving part: ~ 2~ f,

where fis  in hertz
= undamped natural circular frequency of transducer: ~~ 

= 2irf,~c = transducer damping constant
= critical damping constant for the transducer.

= damp ing ratio.

The undamped natural circular frequency for the transducer is given by

(k/ rn) ’12 2 irf 0 ra dfs (2-2)

where

k = e ffective stiffness of the transducer , in newtons per meter (lbf/ in.)
m mass of the transducer , in kilograms (Ibm)
g acceleratio n of gravity (9.807 mIs 2 ; 386 in./ s 2 ).

The critical damping constant for the transducer is given by

= 2 (km) ’12 . ( 2 - 3 )

The critical damping constant marks the boun dary between sinusoidal and non-
sinusoidal response. This means that after a sudden displacement of the mass
element, its motion will not be sinusoidal if c is greater than ç - Accelerometers
and velocity pickups are designed to have a value of c 0 ore 0.7 ~~ One of
the reasons for calibrating is to detect significant variations from these values.

The phase angle of a transducer represents the time lag of the mass element
behind the case or moving element. The ph ase angle is given by

2~~~ /~~~)
0 = tan~ . (2 -4)

— (w/w 0)2

It is interesting that this equation app lies to both accelerometers and velocity
pickups . The operating range of an undamped accelerometer is normally selected
at frequencies of w ~ 0.2 w,~, since the increase in sensitivity due to the reso-
nance effect is theoretically only 4.1% at 0.2 o~ - Also. undamped accelerometers
possess very small amounts of inheren t  damping, with va luesofabout c~~ 0.0le~.
Substi tut ing these values into Eq. (2 .4) indicates that  the phase angle of the 

~- - 5 - -~~~~~~~~ ‘~~~~ ~~~~-5• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~

22 CA LIBRATI ON OIS Sh OCK AND VIB RATION M EASU RJN (; TRANS D L CE R S

unda mnped acce lerometer is 0 degrees throug hout its operating frequency range.
Velocity pi ckups are used at frequencies of w >> ~~~~~~ Using large values of ~ in
Eq. (2 -4 )  indicates that the phase angle of a velocity p ickup is l80degrees(~r rad).

2.2 Frequency Characteristics

Time ideal frequency response characteristics of accelerometers and velocity
pickups are determined by using the basic equation over the frequency range of
interest. Accelerometers are designed for use at frequencies far below the reso-
rtance frequency of the single-degree-o f-freedom seismi c system. On the other
hand , velocity pickups in common use are described by the responses the seismic
systems at frequencies far above resonance. The responses of the ideal acceler-
ometer and ideal velocity pickup are determined by examining the basic equa-
tions in these frequency ranges. Afterwards , calibration determines how well
accelerometers and velocity p ickups follow the ideal response.

Accelerometer Equations

The transduc ing element in an accelerometer pro duces an electrical output
proportional to the disp lacement of the mass element rel ative to the motion of
its base or of the moving part to which the accelerometer is attached. Usually
t!- e motions of the acceleromet er base and moving part are identical . The
sensitivity of an accelerometer is defined as the ratio of its electrical output to
the acceler ation motion at the point or surface at which it is attached to the
moving part . The ideal response of the accelerometer is determined by solving
Eq. (2 - I )  for the terms that describe this ratio ;

l/w~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(2 -5)

The term ~ is the motion of the mass element relative to the accelerometer base ,
and the produce uc~

2 is the acceleration at the base of the accelerometer. Ac-
cording ly. the left side of Eq. (2-5) represents the sensitivity of an accelerometer ,
and the rig ht side describes how this sensitivi ty varies with frequency. Resonance
frequency w,~ has a uni que value for each accelerometer. The frequency response
of the accelerometer is norma lized by selecting a value of unity for the reso-
nance frequen cy and a value of unity for the sensitivity at very low frequencies.
The normalized acceleration sensitivity has a value of unity at frequencies far
he low the reson ance frequency. The sensitiv ity is infinitely large for the un-
damped accelerometer when the excitation frequency equals the resonance
frequency. These values are plotted in Fi g. 2-2. Also, values of acceleration sen-
sitiv ity are plotted for accelerometers having damp ing values of ~ = 0.7 and ~ =

L 

0.4 . 

- ___  

~~~

• •  

~~~~

• • - _• • - •



~

THEORY OF SEISMIC TRANSDUCERS 23

- I --- - 4 0

4 0.4

2 -
4 = 0 • 7

I I i I , I ~~~1 _______________

04 06 08 0.1 0.2 0.4 0.6 0.8 1 2 3
FRE QUENCY RATIO . w/~~,,

Fig. 2-2. Normalized response of an accelerometer

The response , shown in Fig. 2-2 indicates that the acceleration sensitivity is
constan t within practical limits at all frequencies up to 1/5 of the resonance
frequency for accelerometers having damping values near to or less than 1 / 100
of critical damping. The ideal undamped accelerometer has a sensitivity increase
of only 4. 1% at the frequency equal to one-fifth of the resonance frequency.
Manufacture rs and users generally specify the operating frequency and range of
an undamped accelerometer up to o ~ O.2o~ with a tolerance of ±5%. It is
simple to design an accelerometer having near-zero damping; most have this
ideal response over a variety of operating conditions (such as acceleration ampli-
tudes and operating temperatures).

Accelerometers designed to have significant internal dampin g will have an ex-
tended range of flat frequency response. The response in Fig. 2-2 indicates that
the sensitivity remains constant at frequencies up to about two-thirds of the
resonance frequency if care is taken to maintain a damping value of ~

‘ = 0,7. A
great deal of care is required of the accelerometer designer and user to maintain
this value of damping under all amplitude and temperature conditions .

It is important to be aware of the sensitivity value at the resonance frequency .
This is determined by evaluating Eq. (2-5) for its maximum value. When the
dampin g ratio is equal to or less than 0.7 , the maximum value of acceleration
sensitivity is 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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An undamped &ccelerometer having a value of ~ equal 100.0 1 will iml cr easc its
sensitivi ty by a factor of 50 or 34 dB at its - resonance frequency. A damped ac-
celeromet er with a value of ~ = 0.7 will have a sensitivity increase of 0.02% at its
resonance frequency. it is desirable to select undamped accelerometers with
resonance frequencies far above their operatin g frequencies; this avoids large
outputs  at the resonance frequency. Low-pass fitters i-nay be used in applicatio ns
where sign ificant resonance frequency excitation occurs.

The fre quency of maximum response is the resonance frequency. The
mat hematical relationship between the resonance frequency and the undamped
natural frequency is given by

= f 0 ~I i~- 2~ (2-7)

where f ,. is the resonan ce frequency. The resonance frequency equals the on-
damped natural frequency for undansped accelerometers . The resonance fre-
quency is somewhat lower than the natural frequency for accelerometers having
sign ificant damping values.

The phase ang le response of accelerometers is plotted in Fig. 2-3. this plot is
obtained by inserting frequency values in Eq. (2-4), mostly below the resonance
frequency . The response in Fig. 2-3 indicates that the phase angle is 0 degrees
for the undamped accelerometer throughout its operating frequency range ,
which is below the resonance frequency. The phase angle of a damped acceler-
ometer having a value of ~ = 0.7 varies almost linearl y with frequency throug h-
out its operating frequency range. However , the phase angle variation with
frequency is somewhat nonlinear for smaller values of damping, and it is desirable
to maintain values of damping greater than 0.4 of critical damping. The damping
value of 0.7 of critical damping is preferred because it provides linear phase
response .

It is necessary to use either undamped accelerometers or damped acceler-
ometers exhibiting linear phase angl e response , to avoid waveform distortion in
measuring complex vibrations or shock motions. Accelerometers having non-
linear phase angle response produce a nonuniform t ime shift of frequency com-
ponents that represent the comp lex vibration or shock motion. This shifting
produces wavefo rm distortion. Accurate measurem ents of complex vibrations
and shock motions are made with undamped accelerometers or damped ac-
celerometers having damping values approaching 0.7 of critical damping.

Velocity Pickup Equations

Velocity pickups in common use are built with electrodynami c coils . The coil
in a velocity pickup produces an electrical output proportional to velocity ~~

— 
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Fig. 2-3. Phase angle response of an ac-
celerometer

relative to the case of the transducer. The ideal response of these velocity pick-
ups is determined by solving Eq. (2-1) for the ratio &o /uw , as follows:

(w/~ ,)2 
. (2-8)

UW •J(i - ~
2 fw 2 ) 2 + 4~ 2(~~/~ ,) 2

Equation (2-8), written in this form , describes the ideal response of a velocity
pickup because the transducing element produces an electrical output propor-
tional to &~.‘. The left side of this equation has constant values for excitation
frequency ~ that are large compared to ~~i0 . In other words , the velocity pickup
sensitivity (the ratio of its electrical output to the velocity u~ of the pickup base
or moving part) is constant throug hout the operating frequency range . This
constant sensitivity occurs at frequencies above the resonance frequency. Note
that ~ could be canceled on the left side of Eq. (2-8). II this were don e, the

-_ — — __ _ __.__._:_ _______ s--—
________________ — —--5— — .- —-5 p _

~~~~ —~--~--



-- -~~ -~~~~~~~ --.- -r - - - -
- -

26 CAL tERAT LON OF SHOCK ANt ) VIBRAT ION MEASURING TRANSDUCERS

2 -

- — 4 = 0 2
-o

~~~~~

7II

~~~~~~~

0 7

0.4 06  0.8 1 2 4 6 8 10
FREQUENCY RATIO . ‘=

Fig. 2-4. Norm alized response of a velocity transducer

ratio ~/ u would represent a displacement pickup. Such a pickup would be built
with a transducing element that produces output proportional to & The sensitiv-
ity of the displacement pickup would be constant at fre quencies above reso-
nance. Displacement pickups of this type are not in common use , however.

The values of the normalized velocity sensitivity are plotted in Fig. 2-4 for
damping ratios ~ = 0.2 and ~ = 0.7. Usual ly velocity pickups are built with
sign ificant amounts of d arn~~&1b ~o that vibration measurements can be made
at reasonably low frequencies close to the resonance tre quency Without sigr iifi-
cant damping, resonance frequency excitation would occur and cause waveform
distortion or “bottoming ” of the mass element to the case of the p ickup The
sensitivity of a velocity pickup is constant at frequencies above thre e time s the
resonance frequency.

The maximum sensitivity of a velocity pickup is given by

= (2-9)
m~x 2~-~1i~~’

I
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Fig. 2-5. Phase angle response of a velocity transducer

This computation from Eq. (2-8) indicates that the sensitivity increase by a
factor of 2.5 at the resonance frequency when the velocity pickup has a damping
value of~ = 0 2 .

The equation for the resonance frequency is given by

f ~f , = 
_____ 

. (2- 10)
~/l . 2 ~2

This equation app lied for damping values of less than 0.7 of critical dam ping.
Velocity pickups with these values of damping have a resonance curve showing
a normalized velocity sensitivity of more than unity and therefore have a reso-
nance frequency. The resonance frequency is slightly higher than the natural
frequency.

The phase angle response of the velocity pickup is illustrated in Fig. 2-5. It
shows that when the transducer is operated in its normal operatin g range above
f ,~. the electrical output or mass element motion lags the motion of the driven
case by close to 180 degrees. In other words , the mass element motion reaches
the maximum value in the negative direction when the velocity pickup case
reaches a maximum value in the positive direction. This characteristic has little
significance in using or calibrating a velocity pickup except when it is desirable
to identify the direction of motion of an object that is vibrating. It is good to

—-5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ‘---5-. ‘- ---- -5 ---5-— -=- ---.--=- --.-=



28 (‘A L l H R - \  l IO N 01- SII O(K A N I  VIBRATION MI -tS[~~I N ;  t RANS D UC I -RS

ident i fy the electrical t erm in al s to IndIcaic pos it ive electrical signal l’o r posit ive
ve locity, deibled as motion upw ard f ro m the base of the velocity pickups

Special Pickups

Other seisnuc transduc ers can be used to measure shock and vibra t ion.  lh c sc
special tr ansdu cer s ar c m~ commonly used and wil l be bri e fl y described

A velocity pickup can be bui l t  wit h a transduc ing element that  pr oduces an
electrical outpu t  pro portional t o the disp lacement of the mass element relative
to its base. One such t~~ pe of pickup uses a variable-relu ctance transducing cle-
ment. This veloc ity pickup is used in the frequency range at and il ear its oat oral
frequency . It s theoretical response woul d be determined by solving Eq. ( 2 - I )
for ratio bJu~.,, so that

— = - ( 2 - I l )U(..’J

~i~iP~E
0

~ :ii ;~~i 
-

~~ _~~~_ / ~~~~~~ -~~~ - —__ �~~ S
4 = 2 -

— - -

—7- -
— 10
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1 1 10
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Fig. 2-6. Normalized response of a velocity transducer
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Fi gure 2-6 gives the normali zed sen sit ivity of a velocity pickup bui lt with this
type of tr ansducer element. This velocity pickup may be used over a limited

— fre quency range , tip to at least twice its natural  frequen cy if large values of
da m ping are used.

A jerk pickup may be built  with a transducing element th at produces an
electrical output  proportional to the velocity of the mass element re lative to its
base. The theoret ical response of such a pickup, used at frequencies far Lelow
the resonance frequency, is given by the rig ht  side of Eq. (2-5) and is illustrated
by Fig. 2- 2 Both the numerator  and denominator of the left side of Eq. (2- 5)
are multiplied by w to describe a jerk pickup. A transducer of this type could
use an electrod ynamic coil as a tran sducing element. This jerk pickup would
have cot is t ant sensit ivity at frequencies up to at least one-fifth of its resonance
frequency.

2.3 Shock Motion Response

Several factors must be considered in making shock motion measurements
and calib rations , including the resonance frequency and frequency response of
t h e  transducer at both high and low frequencies. The shock motion pulse shape
and duration determine the frequency requirements. The natural period of an
accelerometer must be much smaller than the pulse duration. Its low-frequency
time constant must be large compared to the pulse duration. These characteris-
tics are determine d by examining the theoretical response . The theoretical
response is described for the half-sine pulse most frequently used in shock
calibrations. This response is similar to that of other shock motion pulses that
occur in practice , such as triangular shaped pulses.

Resonance Frequency Response

The resonance frequency of an accelerometer is excited to some sma ll amp li-
tude during shock motion calibrations. It is preferable when calibrating and
using accelerometer s to have a relatively long pulse duration compared to the
natural period of the accelerometer. The respor~se. for a pulse durati on selected
to demonstrate resonance frequency excitation, is given in Fig. 2-7. For a pulse
duration of three times the accelerometer ’s natural  period the peak of the reso-
nance frequency response is 17% hi gher than the peak value of the pulse. The
actual calibration error is quite small , however , if care is taken to fair a line
through the resonance frequency response. Resonance frequency excitation is
in significant if the accelerometer selected has a natural period of less than about
one-fifth the pulse duration or if it has internal damping of about 0.7 of critical
damping.
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Fig. 2-7 . Response of an accelerometer subjected
to half-sine shock pulse with a duration of three
times the natural period 1111

High-Frequency Response

For accurate shock motion measurements it is necessary to consider the
Fourier components of the shock motion pulse. Care must be taken with damped
accelerometers to ensure that the sensitivity is constant at frequencies
corresponding to the frequency content of the pulse . In undamped acceler-
ometers sensitivity is constant , because the accelerometers are selected to have a
very high resonance frequency.

Fourier spectra for a half-sine pulse are given by Fig. 1-6. The frequency com-
ponent at twice the reci procal of the pulse duration is 23 dB smaller than the
components at very low frequencies. Accordin gly, when using damped acceler-
ometers , it is necessary to select one that has constant sensitivity at frequencies
up to at least the reciprocal of the pulse durati on. It is important to perform
frequency response and resonance frequency calibrations on accelerometers
and velocity pickups , to demonstrate that the sensitivity is constant at high
frequencies corresponding to the main frequency components of the shock
motion pulse.
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HALF SINE WAVE PULSE

(1) INPUT ACCELERATION PULSE
~~~~~~~~~~ 1 (2 ) RESPON SE FOR A = 20
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Fig. 2-8 . Response of acceleration systems with va rious RC time constants to a half-
sine shock pulse

Low-Frequency Response

Accelerometers , amplifiers , and signal conditioners must be carefu lly selected
to ensure adequate low-frequency response. If accelerometer sensitivity is not
constan t at sufficiently low frequencies , the shock motion pulse will not be
accurately measured and undershoot will occur after the pulse is terminated.
This is illustrated in Fig. 2-8 . This response indicates the need to select amplifiers
used with piezoelectric accelerometers depending on the low-frequency require-
ments in the test application. These amplifiers roll off at frequencies below
about 2 lIz . Large errors are avoided only if the reciprocal of the frequency at
which amplifier output is down 3 dU is large compared to the pulse duration.
These errors will be 3% when this reci procal is at least twice the pulse duration.

Similar rules must be applied to velocity pickups used for shock motion
measurements. The resonance frequency must be low enough that the sensitivity
is constant at sufficientl y low frequencies. In piezoresistive and wire strain-gage
accelerometers , sensitivity is constant to zero frequency and low-frequency dis-
tortion does not occur.
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CHAPTER 3
TRANSDUCERS AND AUXILIARY INSTRUMENTS

Transducers for measuring vibration and shock motion are built using elec-
tro inechanical elements such as piezoelectric ceramics , piezoresistive and wire
strain gages , variable capacitors , inductive elements , mechanical recording
devices , and optical systems. It is useful to understand the characteristics of
these elements as well as to evaluate the effects of various environments on these
characteristics. Some of the transducers can measure low-frequency vibrations ,
including static accelerations. Others measure vibrations over a very wide fre-
quency range . at both low and extremely high frequencies. These and other
perfo rmance characteristics provide a basic description of the operating charac-
teristics of accelerometers , velocity pickups , and displacement measuring
instruments.

Several environmental factors may affect shock and vibration measurements.
A description of the effects of temperature , transverse and rotational motions ,
mounting effects , str ain , and high-intensity acoustic noise on the transducers
provides further insight into their operating characteristics. These effects may
a ffect measurement accuracy. Accordin gly, some quantitative information is
necessary to ensure that  errors caused by the environment are reasonably small.
In the calibration laboratory environmental effects are carefu lly minimized by
selecting good-quality calibration shakers and shock calibrators to eliminate
unrieccessary calibration errors.

In our missile and space development programs it became apparent that mini-
ature acceleron ieters were needed for accurate vibration and shock motion
measurements in many app ’~cations. The piezoelectric accelerometer is a highly
developed instrument and satisfies many of the requirements for accurate meas-
urements. Piezoresistive and wire strain gage accelerometers accurately measure
long-duration shock motions and vibrations down to zero frequency. Piezoresis-
tive accelerometers have the advantage of high sensitivity, which indirectly
extends their operating ranges to relatively high frequencies.

The principal use of inductive transducing elements is in velocity pickups.
All accelerometers and velocity pickups , regardless of the sensing element

employed , operate according to the theory of seismic transduce rs.

3. 1 Piezoe lectric Acceler ometers
Piezoelectric materials generate an electrical charge when subjected to a de-

formation or mechanical stress. The Greek word pie:ein means to squeeze or press.
Th is effect was discovered about a century ago by Jacques and Pierce Curie .

33 
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who foun d that materials such as quartz , Rochelle salt , and tourmalj ne exhibitpiezoelectr icity. Some modem-day accelerometers are built with quartz. Theirprincipal advan t age is freedom from most temperature effects over quite widetemperatur e ranges.
Most accelerometers are built with piezoelectric ceramics , such as leadzirconate titanate and a variety of other ceramics. Accelerometers built withceramics are very sensitive and are less prone than other types to exhibit errorsin severe environments. Most accelerometers are usable in almost any tempera-ture environment encountered in practice . Special ceramics are used in acceler-ometers for use at extremel y high temperatures in excess of 600°C (112 °F).

Basics of Piezoelecti-j e Materials
To visualize piezoelectricity, consider a crystal as illustrated in Fig. 3-I [ I3 J .Each unit cell has a dipole resulting from a difference between the location ofpositive and negative charges in a unit cell . A crystal composed of identical unitcells will produce electrical charges as the crystal is squeezed or stretched in adire ction parallel to the dipole. These charges appear on the surfaces of thecrystal , and electrodes are attached to conduct the charges. A positive chargeappears when the crystal is squeezed or compressed. A negative charge appearswhen the crystal is extended or , if the crystal is preloaded , as a result of a reduc-tion in compressive stress.

1~H-

1 1 1
Fig. 3-I .  Unit cells
in pie zo e lectr ic
crystal material

— - -- —____________ :~~~~~~~~ — 
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Ferroelectric materials are used to make piezoelectri c ceramics. The ceramic
is composed of a multitude of crystals , polarized by a strong d.c. field. This
alines most of the dipoles parallel to the direction of the field. Care is taken in
fabrication of the ceramics , including appropriate aging processess to ensure
extreme stability of the piezoe lectric properties. The piezoelectr i c properties
should remain virtually unchange d with time as long as excessive environments
are avo ided. If changes in characteristics occur , they are usually catastrophic and
are caused by exposure to environments far exceeding rated specifications. The
piezoelectric constants of the material determine the amoun t of electrical charge
generated by particular types of mechanical stress. Piezoelectric accelerometers
are designed to use compressive , shear , or bending stresses. Tensor notation is
used to identify the stress applicable to each piezoelectric constant.

Piezoelectric accelerometers built with polarized ceramics make use of the
d 33 piezoelectric constant. This peizoelectric constant and the compressive
stress on the ceramic element are illustrated in Fig. 3-2a. The cerami c is polarized ,
and the z-direction electrodes are placed on top and bottom surfaces described
in Fig. 3-la. Subsequently when a compressive stress ~~ is applied , a positive
electrical charge is generated and measure d by appropriate electronic instru-
ments connected to the top and bottom surfaces of the ceramic element. The
term r~ describes the mechanical stress consisting of a force applied in the z
direction. This force acts on a cross-sectional are a described by z equal to a
constant. In the compression-type accelerometer the force is produced as a result
of inertial loading of the mass element placed on top of the ceramic in addition
to the inertial loading of the mass of the ceramic element on itself.

Compressive-type accelerometers built with quartz crystals use the d 1
piezoelectr ic constant. This piezoelectric constant is applicable because X-cut
quartz is used. The operating principles are the same as those described for
ceramics using the d 33 constant. Howeve r , these two types of accelerometer are
quite different in performance because of differences in the piezoelectric
constants.

Compression accelerometers may also be built by applying a r~~ stress to a
ceramic polarized in he z direction. Figure 3-2b illustrates a ceramic element
using the d 3 piezoelectric constant , which is used by applying a compressive
stress consisting of force applied in the x direction on a cross-sectional area
described by x equal to a constant. This ceramic element is polarized in the z
direction , and the electrodes are attached to the top and bottom surfaces
described by z equal to a constant , in order to m easure the electrical charge
generated as a result of the r,~ stress.

Shear-type accelerometers use the d 1 ~ piezoelectric constant. This constant
is illustrated in Fig. 3-2 . The cerami c element may be in the shape of a hollow
cylinder or a flat plate. It is polarized by applying a strong d.c. electrical field in
the z direction. Subsequentl y, electrodes are applied to the surfaces described by
x equal to a constant. The d , ~ 

piezoelectric constant is used when this ceramic
element is subjected to shear stress r~~. This shear stress is produced by app lied

L —
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Fig . 3-2. Designation of stresses on
piezoelectrj c ceramics
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Table 3-1 . Typical Values of Piczoelectric Constants

Curie
Mater ial Temperature

Lead Zirconate Titanate 260 460 370
Endevco P-lO 18 22 480
Endevco P-l5 6 68 1 200
Quartz 2 — 570
Barium Titanate 148 225 120

piezoe lectrj c constant .
Source : Ref . t4 .

force in the z direction , as indicated by the arrows in Fig. 3-2c , across surfaces
of x equal to constants. The electrical charges generated are measured with suit-
able instruments by making electrical connections to the surfaces described by x
equal to constants.

Most piezoelectric accelerometers are designed to use one of the above
piezoe lectric constants of some materials [l4J are listed in Table 3-1. (Curie
temperature is the temperature at which the ceramic becomes depolarized.)
The piezoelectric constants of lead zirconate titanate are much higher than
corresponding constants for barium titanate and quartz. It also happens that the
piezoelectric constant of lead zirconate titanate remains almost constant over a
rather broad temperature range . Most accelerometers are built with lead zirconate
titanate or other proprietary ceramics exhibiting good piezoelectric properties.
Some are built with quartz , particularl y those intended for use in special appli-
cations.

Temperature variations produce two effects in piezoelectric materials . Very
large changes in temperature cause changes in the piezoelectric constant , which
in turn causes a change in the sensitivity of the accelerometer. These changes are
instantaneous and are known for each operating temperature . Upon return to
room temperature , the piezoelectric constant returns to its original value . The
second effect of temperature is known as pyroelectricity. An electrical charge is
generated when the crystal material is subjected to a temperature transient. This
charge superimposes itself on the charge generated due to piezoelectricity.
Fortunately, temperature changes are very gradual in almost all applications , so
that pyroelectric effects can be virtually eliminated by proper selection of signal
conditioners having suitable roll-o ff characteristics at very low frequencies.

Accelerometer Construction
Most accelerometers are built with piezoelectr ic materials fabricated as

hollow cylinders , thin circular disks , or flat plates. Compression and shear ac-
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i~~d~iiI1:~ H ~~
_ _ _ _ _ _ _ _ _  

I ~1 1~ ~ 
-

Fig. 3-3. Cross sections of typical piezoelectric accelerometers: (a) compression , (b) shear .
(c) bender (Endevco)

celerometers are in very common use. Also, some accelerometers are built using
the ceramic element in bending, which produces tensile and compressive stresses
on the top and bottom surfaces of thin ceramic elements.

The compressive- and shear-type accelerometers shown in Figs. 3-3a and 3-3b
measure shock and vibration in the direction of their axis of symmetry, which is
perpendicular to the bottom of the accelerometer. When the accelerometer is
moved upward the mass tends downward , towa rd the bottom of the accelerom-
eter. Downward motion of the accelerometer case tends to move the mass
upward. In shear-type accelerometers , this upward and down ward motion applies
a shear stress to the piezoelectric ceramic (k) ,  which is cemented inside the mass
element (M) . Both the mass element and the piezoelectric ceramic are cylindrical.
The ceramic is also attached with cement to the central post , which forms a part
of the base of the accelerometer. The mass element does not touch the outer
case. In this shear accelerometer design , the only stresses applied to the crystal
are the dynamic stresses produced when the case is move as described above .

The compression accelerometer has a compressive static preload applied to —

- - -5  ~~~-- ~~
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piezoelectnc ceramic k 2 . The preload is applied by ti ghtening the nut  connected
to the top of post k 1. The static tension preload in the post equals the static
compression preload in the ceramic. The static pre loads are selected so that  they
greatly exceed the highest dynamic stress produced when the accelerometer case
is subjected to a shock or vibration motion. U pward motion of the case produces
an inertial force in the mass element , which increases the compression stress on
the ceramic. Conversely, downward motion decreases the compressive stress on
the ceramic.

The accelerometer illustrated in Fig. 3-3c produces bending stresses in cerami c
element k 2 . Essentially , the piezoelectric ceramic acts as a strain gage attached
to the circular metallic structure . When the accelerometer is nioved upward ,
mass element M tends to move downward and radial tensile stresses are produced
in the ceramic. Downward motion of the accelerometer case tends to niove the
niass upward and produce compressive radial stresses in the ceramic . An electri-
cal charge is generated in the ceramic by these radial stresses.

All piezoelectric accelerometers are self-generatin g and require no electrical
excitation. The electrical charge generated on the ceramic is given by the fo l-
lowing equations:

Q = daA coulombs ( 3- l i

where

d = piezoelectric constant of the crystal
A = stressed area on the crystal
a = stress on the crystal ,

and
Q = C1~~C (3-2)

where

C1 = constant determined by the above equation and by the specific ac-
celerometer desi gn

= deflection of mass element relative to the accelerometer base .

The piezoelectri c constant d used depends on the accelerometer type . Shear
accelerometers use d 1 ~

, and compression accelero meters use d 33 or d 1 ~~
. The

numerical values of these piezoelectric constants are determined by the piezo-
electric material.

The acceleration sensitivity of many accelerometers can be accurately com-
puted from the mass prope rties of the ceramic and mass element. The product
a A equals the inertial force of the mass acting on the piezoelectri c m ateri al . The
inertial force is the product of effective mass M times the acceleration applied te.

- -----—-- ------- . .- ------ -.- — - ______
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the accelerometer. The acceleration sensitivity is expressed as the charge output
divided by the acceleration (measured in g units), and the following equation
applies:

S = - ~~~~
= d M .  (3-3)g

For exam ple , the d33 constant for a parti cular lead zirconate titanate cerami c
is 260 p C’/N (1157 p c/ lbfJ . An accelerometer having an effective mass of 10 g
and using a single piezoelectric element in compression would have an accelera-
tion sensitivity of 26 p C/g, where g is the acceleration of gravity, 9.8 in/s 2

(386 in./s 2) .

Signal Conditioners
The piezoelectric material is a capacitor whose capacitance is determined by

the dielectric constant. The electrical impedance of a piezoelectric accelerometer
becomes extreme ly large at low frequencies. According ly, suitable circuit ry must
be used on the input of the signal conditioner , to allow flat frequency response
at the lowest frequency of interest. The charge amplifier is designed to provide
constant gain throughout the operating frequency range. Voltage amp lifiers with
high input impedances are still used in some laboratories. Also, special signal
conditioners such as source followers and impedance converters are used in
special applications.

Cha rge Amp lifiers. Charge amplifiers are used to measure the output of
piezoelectric accelerometers throu ghout their operati ng frequency ranges. A
schematic of a charge amplifier is shown in Fi g. 3-4 .

The output of the charge amplifie r is given by the following equation:

E0 (cP +~~L ) ÷ ( 1 ÷ A ) ~ f + l // aR~
where

I: ,) = charge amplifier output per unit g
Sq accelerat ion ch ?rge sensitivity o~ the accelerometer
.4 = amp lifier gair

= capacitance of the piezoelectri e material
C1 capacitance of the connectors and cable
C1 = feedback capacitance used in the charge amplifier

/ imaginary vector
= circular frequency

R3 = shunt resistance of the accelerometer and cable .

__________ --~~ -- ~~~~~~ --~~~~-—
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Typical values for accelerom eters and charge anip lifiers include 1 000 for the
amplifier gain , 1000 p F for the accelerometer and cable capacitance , 1000 pP
for the feedbac k capacitor , and 10 M l l  for the shunt resistance. Subst i tu t ing
these values in Eq. (3-4) shows that the output voltage is ne arly equal to the
charge divided by t h e  feedback capacitance. Accordi ngly,  Eq. (3-4) is simpli fied
as follows:

S
= - — V/g. (3-5 )

This ratio rema ins nearly constant even when extremely long cables are used
between the accelerometer and the charge amplifier.

The time constant app licable to the schem atic in Fi g. 3-4 is given by

T = l/2 -nJ~. 
= RSECP +CL +( 1 +A ) C1J ( 3-6)

where f ~ the frequency at which the response is down 3 dB and the other
term s are as listed above . Equation (3-6) indicates that the time constant is
extremel y large and the amplifier response would normally be flat to frequencies
much less than 1 Hz. Howe ver , it is desirable to eliminate quasi-d.c. outputs .
which can be produced in the accelerometer by pyroelectri c effects. For most
shock and vibration applications , flat frequency response is required only at

E QUIVALENT
TRANSDUCER CHARGE CONVER TERCI RCU I T

c p c

I’ig . 3-4 . Simplified schemati c of a typical piezu-
electric tr ansducer connect ed to a charge converter
(amplifier) 
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frequencies down to about 2 I Ii - In sonic applications it is desirable to limit the
flat response to frequencies somewhat above 5 lIz. One of the advantages of the 4
charge antp litl er is that  any desired low-frequency response can be achieve d in
tIle amp lifie r desi gn. For example , a feedback resistor Rf put in parallel with the
fe edback capacitor has a time constant of R1C1. For applications involving shock
motions. this time constant should be long in comparison with the duration of
the shock motion pulse -

Voltage Amp lifiers . In the past only voltage amplifiers and cathode followe rs
were available for use wit h piezoelectric accelerometers. With these instruments ,
it is necc~sat to use t h e  volt age sensitivity of the accelerometer ,

= 

c~ + cL + 
~~a

where

= voltage sensitivity o1 the accelerometer
input  capacitance of the voltage measuring instrument.

One of the precautions necessary in using voltage measuring instruments with a
piezoelectric accelero m eter is that it is difficu lt to achieve adequate low-frequency
response for certain applications.

The low-frequency response of the cathode followe r is determined simply by
the product of the frequency (in hertz) times the input resistance of the cathode
follower (in ohms ) times the total capacitance of the accelerometer , cable , etc.
(itt farads). The frequency response is flat only when this fRc product is equal
to or greater than one. At frequencies at which this product is less than one ,
the response decreases. For example , the response is down 3 dB when fRC
equals about 0.16.

It is also necessary to consider this product when using other voltage ampli-
tiers. How ever , the product is usually less than one only at frequencies below
the low-frequency cutoff of the voltage amplifier itself. In this case , the low-
freq u ency response characteristic of the amp lifier is the determining factor. It is
i tnp ortant  that the frequency at which the response is down 3 dB , as a result of
either the voltage air ipl ifier or the fRC characteristic , occur at a low enough
frequency.  For example , in shock tnotion applications, the reciprocal of the
frequency of the 3-dB-down point must have a value that is large compared to
the durat ion of the shtock motion pulse .

It is important  to know the low-fre quency characteristics of voltage amplifiers
and cathode followe rs when making sinusoidal and random vibration measure-
nt ents at frequencies below 50 I-li. When low-capacitance accelerometers are
used. the response of cathode followers falls off rapidly at low frequencies. In
addition to the flat-frequency requirement , it is necessary for the phase shift of
the amp lifier to vary linearly with frequency. This phase-shift requirement is not
met in voltage amplifiers that have poor low-frequency response. According ly,

________________________________
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such amplitlers distort the accelerometer output in rando m vibration and shock
niotion mneasuren tents.

In addition to the low-frequency response problem with voltage amp lifiers
and cathode followers , it is necessary to determine the change in sensitivity
brough t about by changing cables. The output  decreases as the capacitance in
parallel with the accelerometer is increased. When cables are changed , it is neces-
sary to compute the new sensitivity from Eq. (3-7) or to recalibrate the accelero-
meter.

Impe dance Converters. Specialized integrated circuit elements are built into
the cases of accelerometers to provide low impedance at the electrical output
terminals. A monolithic integrated circuit amp lifier (Fig. 3-5) is shown con-
nected in an impedance converter for use with piezoelectric transducers [161 .
The integrated circuit anipli fler , and the source resistor and attenuating capaci-
tor in parallel with the piezoelectric crystal element , are built into the accel-
erometer case as shown in Fig. 3-6 [16] . A coaxial cable connects the piezo-
electri c accelerometer to the source resistor and power supply . Connecting the
source resistor to the powe r supp ly permits the use of a two-wire system , such as
the coaxial cables normally used with accelerometers. The circuit operation is
similar to a conventional voltage-type piezoelectric system. The charge generated
on the piezoe lectric elements forms a voltage at the amp lifier input gate on the
parallel combination of crystals , electrodes , and transistors. The amplifier con-
vert s this signal to a voltage change at its output , of equal amplitude and with
the same polarity. The amplitude range of the accelerometer is usually determined
by the attenuating capacitor in parallel with piezoelectric element.

Although specialized signal conditioners of this type are useful in certain
app lications , two limitations must be considered. First , the dynamic range is
decreased because of the difficulty of changin g amplifier gain to make convenient
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Fig. 3-5 , Schematic of a typica l piezo eiectric transducer with an inter-
nat in tegrated circuit amp lifier
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Fig. 3-6. Typ ical instr ument connections for a piezoe lectric transducer with
internal electronics 1161

acceleration range changes. Second , the high-frequency response is restricted by
the limited current capability of the integrated circuit am plifier.

Performance Characteristics

Performance characteristics of some piezoelectric accelerometers remain un-
changed whether a charge or voltage amplifier is used. These characteristics
include frequency response , resonance frequency, and amp litude linearity for
accelerometers manufactured with quartz and ce rtain propriet ary ceramic
materials. Accelerometers made with lead zirconate titanate cerami c have slightly
different frequency response and resonance frequency characteris tics when
charge and voltage amplifiers are used. Fxcept for quartz , the temperature
response of most accelerometers is somewhat different when charge and voltage
amp lifiers are used.

Acceleration Sensitivity . The typical acceleration sensitivities for various
piezoelectric accelerometers are listed in Table 3-2. For simplicity, the accelera-
tion sensitivities are rounded to the nearest factor of 10. The acceleration sen-
sitivity depends on the particular accelerometer desi gn. Accelerometers can be
built to have various sensitivities simply by using different ceramic and mass
elements. For examp le , shear accelerometers using lead zirconate ti tanate
ceramics are made with sensitivities of about 1 pC/g and 10 pC/g. Usually the
shear accelerometers are made with one or two ceramic elements . Com pression
accelerometers are frequentl y made with several ceramic elements connected
electrically in parallel. Therefore , the charge sensitivity is determined frot ii the
sum of the charge generated by each ceramic element.

Accelerometers built with lead zirconate t i tanate ceramics have the highest
acceleration sensitivity. According ly, they have many applicatiot is , including
measurement of relativel y low accelerations.

Quartz accelerometers have the lowest available acceleration sensitivity. 

~~~~~~~~~~~~~~~~~~~~~ -
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Accelerometers made with Endev co Pietite ® l0 cerami c have acce leration
sensitivities between those ob t ai mm ed the other two crystal materials , as shown b y
Table 3-2.

Frequency Response. Typical frequenc y response characteristics of various
accelerometers are shown in Fi g. 3-7 .

The charge sensitivity of an accelerometer usit ig P,6t and P~8t cerami c ma-
te rials decreases about lY ~ for each octave increase in frequency. This is typical
of lead zirconat e t i ta n a le  accelerometers . It happens that  the capacitance of
these accelerometers has the sat ’ie frequency characteristic. Therefo re , if the
voltage sensitivity of the accelerometer is desired , the charge sensitivity at the
frequency of the capacitance measurement is divided by the sum of the acceler-
onieter capacitanc e . cable capacitance, and other capacitances th at are connected
across the accelerometer. Use of charge amplifiers eliminates the need for this
computation. Accelerometers built with p. 10t ceramic material and quartz do
not have this  frequency characteristic; both the charge and voltage sensitivities
are constant at all frequencies up to about one-fift h the resonance frequency.
As with all accelerometers , the incre ase in sensitivity at high frequencies is due
to the resonance frequency.

It should be pointed out that  t h e  frequency response of all accelerometers is
flat in a m anner similar to the P- b curve in Fig. 3-7 when voltage amplifiers
wilt s extremely small capacitances are connected between the accelerometer and
the ansp lifier. With small external capacitances , the accelerometer experiences a

Table 3-2. Sensitivity of Piezoelectric Accelerometers

Acceleration
Sensitivity

- . Capacitance 
_____________________Crystal Material Design Mode

Charge Voltage
(pC/g) (rn V/g)

Lead-Zirconate- Shear 1000 1-10 1-10
Titanate Compression 1000-10 000 10-100 10-100

Quart 7 Compression 100 I 10

Endevco P-l O Shear 100 0.1
Compression 1000 1-10 1-10

Source: Ref. 15.

~~~~~~~ is a registered trademark of Endevco . San Juan Capistrano , Calif .
tp .6 , P-8 , and P-i 0 are proprietary materials made by Endevco , San Juan Capistrano . Calif.
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Fig. 3-7 - Charge frequency response characteris-
tics for three piezoeiectrj c accelerometers of
various designs and crystat materials

virtual open-circu it condition. Howeve r , if the external capacitance , including
the cable capacitance , is near or large r than three times the accelerometer capaci-
tance , the accelero meter experiences a virtual short .circuit condition. Therefore ,
with large external capacitance the response of all accelerometers is identical
whether voltage or charge amplifiers are used , and the curve s in Fig. 3-7 apply. If
the external capacitance has a value bet ween one and three times the acceler-
ometer capacitance , the response of lead zirconate titanate accelerometers using
voltage amplifiers will be somewhere between the two lowe r curves in Fig. 3-7.
In other words , sensitivity decreases a fraction of 1% per octave increase in fre-
quency; the fraction is determined by the amount of external capacitance .

Charge amplifIe rs are used for most shock and vibration measurements , and
the curve s in Fig. 3-7 apply . Corrections for the lack of flat frequency response
are usually not made.

It is good practice to consider the accuracy desire d and select the accelerometer
type and resonance frequency to make corrections of the data unnecessary.

Resonance Frequency. The resonance frequency of an accelerometer varies
slight ly,  depending on the rigidity with which the accelerometer is mounted.
Typical variations in resonance frequency are shown in Fig. 3-8 . The most rigid
mounting and highest resonance frequency are achieved by using metal studs
with lubricated surfaces or by cementing the accelerometer in place. For
examp le. the resonance frequency is 34 400 Hz in Fig. 3-8a and 34 300 H .  in
Fig. 3-8d. With completely dry surfaces , using a metal stud can decrease the
resonance frequency to 31 040 Hz , as in Fig. 3-8b; using an insulated stud can
further reduce it to 20 150 Hz , as in Fig. 3-8c. These variations in resonance
frequency are typical of many piezoelectric accelerometers when various mount-
ing techni ques are used.

~ 
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The magniti catmon factor at resonance is significantl y lower when an insulated
n iounting stud is used , as in Fig. 3-8c. This indicates that the effective damping
of the accelerometers increased. The approximate damping is 0.02 of critical
damping when the insulated stud is used , amid 0.0 1 for other type s of mounting.
For practical purposes the damping of piezoele ctr ic accelerometers under these
n iount ing methods is small enoug h that it can be considered nil , and the
theoretical response curve for zero damping can be used to predict frequency
response characteristics in the operatin g frequency range .

Some accelerometer designs have additional resonances at frequencies above
the normal operating range but below the resonance frequency. These additi onal
resonances , called local or minor resonances , exhibit themselves as perturb ations
when resonance frequency measurements similar to those of Fi g. 3-8 are made.
These deviations from normal response occur over only a narrow frequency
band at the local resonance and usually do not affect response at frequencies
si gnificantly below or abovc this ban d. They therefore do not a ffect response in
t h e  operating frequency range. Examp les of local resonances include the plate
and shell resonances found when thin-walled cases are used to house acceler-
ometers.

Accelerometers are usually selected to have sufficiently hig h resonance fre-
quencies that the frequency response can be considered flat throug hout the
operating frequency range. Accordingly, the acce leromn eter resonanc e frequency
should be at least five times the maximum frequency of interest. If this rule is
followe d , sli ght variations in resonance frequency due to different mounting
methods and any local resonance can be ignored.

The resonance frequency of accelerometers made with quartz amid P- b ma-
terials remains unchange d whet i they are used open circuit with voltage amp li-
fIers or with the virtual short-circuit condition due to the use of charge ampli-
h ers (see Table 3.3). The resonance frequencies of accelerometers made with
lead zirconate titanate ceramic decreases sli ghtly when charge amplifiers are
used. This indicates that the modulus of elasticity of lead zirconate t i tanate
ceramics is less in the short-circuit condition. The fact that  the decrease in reson-
ance frequency is only 0.6~i for o n e  shear accelerometer in Table 3-3 in-
licates that the ceramic contributes only part of the effect ive stiffness of the
accelerometer. The differenc es in magnification factors indi cated in Table 3-3
are considered insignifican t. It is expected that  damp ing in accelerometers does
not depend on whether charge or voltage atnp li fi ers are used.

Amplitude Linearity . The sensitivity of pieozoelectric acceleromet ers in-
creases linearly with increasing acceleration , as shown in Fig. 3-9 . The amli ount of
the increase depends on the piezoelectric material used in the accelerometer and
also on the desi gn of the accelerometer. Accelerome t ers designed to have rela-
tive ly low d ynamic stress applied to the crystal have relatively small sensitivity
increases at hi gh accelerations. This is accomplished by the use of small mass
elements in such accelerom eters.

L _ _ _ _ _  - - — - 
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fable 3-3. Typical Resonance Frequency Characteristics of
Piezoelectric Acc eleromneters Using Voltage amid Charge Amnp lifiers

Resonance Magnification
Frequency Factor

Aece !ero ms -ieter Crystal
- Open- Short-Type Material - . . - Opens- Short -Circuit Circuit Change - -

- Cmrcu it Ctrcu itVoltage Charge (V)
(kHz) (kHz) Voltage Charge

Compression Lead -Zirconate- 30.84 29.65 -3.9 57 33
Titanate

Compression Lead-Zirconate- 15.40 14.92 -3.1 70 62
Titante

Shear Lead-Zirconate- 34.2 33.0 —3.5 38 66
Titanate

Shear Lead-Zirconate - 32.2 32.0 —0.6 35 35
Titanate

Compression Quartz 32.2 32.2 0.0 23 24
Compression Endevco P-l U 29.6 29.6 0.0 45 47

Source: Ref . 15.

Sinn ilarb y, when large nnass elements are used , the dynami c stresses are rela-
tively large and the increase in sensitivity at high accelerations is significant for
some accele rometers. For example , a lead zirconat e titante accelerometer having
a charge sensitivity of 10 pC/g increases its sensitivity 1% for each 250-g increase
in acceleration , whereas a similar accelerometer with a smaller mass element and
a sensitivity of I pC /g increases its sensitivity only 1% per 2500 g. Sensitivity in-
creases of accelerometers made with P~l0 are significantly less , as indicated by
Fig. 3-9 . Amplitude linearity errors are insignificant in shock and vibration
app lications , provided accelerometers are selected to have low sensitivity when
measuring relatively high accelerations.

Tem perature Response . The sensitivity of a piezoelectric accelerometer
changes with temperature . These changes can be attributed solely to variations in
the piezoelectr ic constant of the crystal material , provided that care has been
taken in the design of the accelerometer. Typical sensitivity variations due to
temperature are shown in Fi g. 3-10. The variations are quite small for acceler-
ometers made with P-l0 ceramic or quartz. The operating temperature range is
high est for accelerometers made with P-ID ceramics.

_ _ _ _ _ _ _ _ _ _
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NORMALIZED ACCELERATION

Fig. 3-9. Typical increases In sensitivity of piezo-
electric accelerometers with increase of accelera-
tion 1151
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Fig . 3-10. Typical temperature response charac-
teristics: changes in charge sensitivity of piezo-
electric accelerometers using different crystal
materials f 15 J

Modulus-of-elasticity and damping changes in accelerometer materials are
relatively small throughout the operatin g temperature range. For this reason, the
resonance frequency of an accelerometer changes only very slightly over the
operating temperature range. Since accelerometers are used only at frequencies
up to one-fifth the resonance frequency, their frequency response is constant
at all temperatures.

Usually it is unnecessary to correct data for changes in sensitivity at various
temperatures. It is good practice to select accelerometers that have small enough
sensitivity changes over the desired temperature range that such correction is
unnecessary . Possible exceptions to this rule are measurements below about
-184°C (-300° F) and above about 260° C (500°F) where the changes exceed 5%.

The capacitances of most piezoelectric accelerometers change with tempera-
ture . The capacitance change of a good-quality accelerometer is about twice the
charge sensitivity change as a function of temperature . The voltage sensitivity
equals the charge sensitivity divided by the capacitance . Therefore , when voltage
amplifiers are used the sensitivity varies significantly as external capacitance

L 
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changes. This is one reason why charges amplifiers are preferred for use with
piezoelectric accelerometers.

Environmental Effects

Environmental effects concerts the extremes to which an accelerometer can
be exposed without permanent changes in performance characteristics. Also ,
certain environments can cause error signals in the accelerometer output  when
shock and vibration measurements are mn ade. One reasomi for identifyin g the
characteristics discussed below as environmn ent al effects is that it is usually not
practical to correct data for errors produced by the environ ment. However , if
accelerometers are properly used , environ m ental errors should be insignificant.
Measurement errors are avoided by recogniz ing the environmental effects and
taking certain precautions in the use of accelerometers.

Transverse Sensitivity . The sensitivity axis of the crystal in an accelerometer
deviates slightly from being perfectly perpendicular to the n iounting surface.
This results from practical limitations in fabricating cerami c materials and
machin ing of the various accelerometer parts. In addition , static preload stresses
are applied to the crystal in some accelerometer designs , and these tend to change
the poled axis of the crystal slightly. These effects combine in the accelerometer
so that it produce s some output as a result of excitation in a direction parallel to
the mounting surface on the accelerometer. This transverse sensitivity is illus-
trated schematically in Fig. 3-1 1.

Fig. 3-1 1. How transverse and axial accelerations
combine to produce an output along tI me sensing
direction of an accelerometer (1 5 J

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -
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The poled axis of the crystal is represente d by a vector in the xz plane. The
imm ountim i g sur f ~.mce of ti m e accelerom u eter lies its t i me xv plane. A transverse accel-
er ations G applied in time .v m ’ p lane has a com ponent G cos~ along the x-axis.
This x-axis componem it bias a component G cos ~ sinO along the poled axis of
the crystal. Ass acceleration (~

‘ a p pl ied perpendicular to the mounting sur l ace
has a component G cosO along the poled axis of the crystal. The transverse
semisi tiv ity of the accelerometer is the ratio of the two components along the
poled axis , such that

% transverse sensitivity = 100 tan G cos~ . (3-8)

The factor of 100 is introduced to express the transverse sensitivity as a per-
cent of time axial acceleratio n sensitivity. For each fabricated accelerometer
tan G is a fixed value , assuming that no environmental effects change the poled
axis of the crystal. Angle ç5 is determined by the direction of the app lied motion
in the plane of the mounting surface . Therefore , the transverse sensitivity varies
as the accelerometer is rotated about the z-axis. The cosine variation in trans-
verse sensitivity is illustrated in Fi g. 3-12 for various values of 0.

Several experimenters make this plot on polar graph paper. Usually the
transverse sensitivity is small enough that only the maximum value in Fig. 3-12
need be considered. In other words , the accelerometer is selected so that the
maximum transverse sensitivity is small enough to produ ce negligible errors in
niost shock and vibration measurement applications. The transverse sensitivity
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1- ig. 3- 12. Variation in transverse sensitivity
of a piezoelectric accelerometer as it is rotated
about  its sensitive axis ( 18 1
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value provided by the manufactures is the maximum value oftran sverse sensitivity.
Im i good-quality piezoelectric accelerom neters , the transverse sensitivity is

constant throug hout the operating frequency range because care is taken in
desi gn to ensure that all local resonances are above the operating frequency
range . Somsietimes measurements give a false indication of variations in trans-
verse sensitivity at certain frequencies in the operating range . These variations in
output  are caused by transverse motio n itt the shaker used for the measurermients
or by other environmental e ffects applied to the acceleromiseter while the trans-
verse sens itivity is being measured. It is important to distinguish one environ-
mental e ffect from another. For examp le , errors due to environmental effects ,
such as certain local resonances , would be present in the output even though no
transverse motion were app lied to the accelerometer. Responsible accelerometer
manufacturers use extreme care in design and conduct extensive tests to ensure
that all local resonances are above the operating frequency range . The manu-
facturer should make sure that all environmental effects are minimi zed in the
accelerometer design.

Transient Temperature Effects. Piezoelectric accelerometers produce outputs
while the temperatures of their crystals are being changed. This is called
pyroelectricity. In almost all testing app lications , the temperature changes in
accelerometers occur gradually over a period of several seconds or minutes. As a
result, pyroelectric outputs are generally not detected because most amplifiers
have inadequate low-frequency response to measure the slowly varying pyro-
electri c outputs. The pyroelectric outputs contain only extremely low frequency
components , usuall y less than 1 Hz. However , these outputs  must be considered
if the amplifier passes the low frequencies or if the outputs  are large enough to
ove rload the amp lifier input and make it inoperative while the output is present.
The pyroelectric characteristics of piezoelectric crystals are known , and the out-
put for any particular accelerometer-amplifier combination can be experimentally
determined under specified temnpe rature conditions.

There are three types of pyroelectric outputs. A primary pyroe lectric output
is the charge produced as a result of a uniform temperature change throughout
the crystal. A secondary pyroebectric output is the piezoelectric charge produced
as a result of a dimensional change in the crystal , caused by a uniforni tempera-
ture change . A tertiary pyroe lectric output is a piezoe lectric output caused by a
temperature gradient across the crystal. Pure primary pyroelectric outputs
occur when crystals are constrained to prevent dimensional changes. Pure
secondary and tertia ry pyroelectric outputs occur when crystals are unconstrained.
Primary pyroelectric outputs are present only on the crystal surfaces perpendicu-
lar to the direction of polarization . whereas secondary and tertiary outputs
appear on the electrode surfaces of the crystal regardless of polarization. Shear-
type accelerometers are designed so that the electrode surfaces are not in time
direction of polarization. Consequently, shear accelerom neters do not produce
primary pyroelectric outputs and generally arc less affected by temperature
changes than compressive accelerometers , which do produce pri tm i ary pyro-
electric outputs. 

~~~~~~~~~~ :..:i.. . .-~~. 
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All ceramic crystals produce secondary pyroelect ric outputs. However , quartz
produces only tertia ry pyroelectri c outputs. Therefore , accelerometers using
quart z are preferred when amplifiers designed for use at frequencies near or
below 0.1 Hz are used. These amplifiers are required for shock motion testing in- 

-J

volving extremely long pulses (e .g., pulses of 100-ms duratio n). In most shock
and vibration testing applications , amplifiers that cut off at frequencies near or
above 2 Hz are used , and no errors due to pyroelectric outputs arise.

Radiation Effects. Nuclear reactions involve the splitting of atoms to pro-
duce a bombardment of particles. Heat , associated with the release of gamma
rays and neutrons , is produced when these particles collide with surrounding
atoms. Large doses of this nuclear energy can affect the properties of materials.
At moderate levels , gamma radiation produces a temperature environment
to that present in other accelerometer applications.

The fission process can be produced with Uranium-235 when a free neutron
strikes the heavy U-235 nucleus , breaking it into two fragments and releas ing
two or three new neutrons. The kinetic energy of the flying fission fragments are
converted to heat when they collide with surroundin g atoms . The released
neutrons cause a chain reaction by initiating new fissions in other atoms . Some
30 billion fissions occur each second to release each watt of energy . The job of
the nuclear reactor is to control the fission reaction and to remove the heat and
conv~’rt it to electrical energy, use it in propulsion systems , etc.

t~usion is another means of releasing energy in a nuclear reaction. However , a
fusion reaction requires temperatures in the millions of degrees. This can be
achieved in a fission reaction , which is then used to initiate fusion. Atoms of
deuterium and tritium , which are heavy isotopes of hydrogen , combine to form
helium atoms. Fusion is used to produce thermonuclear explosives , which are
considerably more powerful than pure fission exp losives.

During the fission process high-speed neutrons are released ; they are difficult
to stop. Neutral particles are also released in the form of gamm im a rays , which
carry heat and have other characteristics similar to those of X-rays. The neutrons
and gamma radiation are absorbed by the materials in transducers. In addition to
the normal thermal effects on the properties of the materi als, sufficiently large
doses of radiation can cause permanent change s in material . The neutron density
is the number of neutrons per cubic centimeter. The neutron flux is the density
multiplied by the average velocity of the particles; it is expressed in units of
neutrons per square centimeter per second.The time-integrated flux is determined
by multip lying the flux by the period of exposure and has units of neutrons per
square centimeter , written as n/ cm 2 . The roentgen unit , denoted by the symbol
R , can be used to measure gamma radiation. In energy units 84ergs(8.4 X l0 8J)
are absorbed per gram of air for each roentgen. One R is also equivalent to 87
ergs per gram absorbed in carbon (87 erg/g (C)). Another unit used is the rad ,
which equals 100 erg/g(C)(l X l0 5J /g (C)) .

Extremely large doses of radiation are required to deteriorate the materials
in accelerometers. Accordingly, in most nuclear applications accelerometers are

~ 
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a ffected me rely by the heat produced or by the measurement errors i-oduced
by the radiation field. Uttle , if any, permanent dam age is produced directly by
the radiation in accelerometers built with radiation-hardened components.

Very large doses of radiation cause depolarization of piezoelectric materials .
For examp le , X-rays have been used to adjust frequency characteristics (Radia-
tion effects decrease the resonance frequencies of crystals.) Quartz crystals are
less excited by radiation than lead zirconate titanate ceramics. The threshold of
radiation damage approached a neutron fluence of 1020 n/cm 2 . However , no
information is available concerning the testing of piezoelectric accelerometers at
such high levels of radiation. Piezoelectric accelerometers have no lattice changes
at neutro n fluences as high as 10i8 n/ cm 2 . However , it is necessary under such
conditions to avoid the use of organic materials such as Teflon , ® which can be
damaged by nuclear radiation and cause malfunction due to breakdown of
insulation resistance. The most radiation-resistant accelerometers are of the
piezoelectric type. However , in the more severe environments , it is necessary
to use accelerometers built with high-temperature ceramics according to manu-
facturers’ recommendations.

Mounting Conditions. An accelerometer tends to alter slightl y the motion
of the structure or component to which it is attached. This produces a slight
error in measuring the motion that would exist if the accelerometer were not
present. This error is usually insignificant and need be considered only when
making measurements on light and flexible structures. Very light accelerometers
should be selected for these app lications. The specific requirement is that the
dynamic mass of the accelerometer must be less than the dynamic mass of the
structure at the point of attachment. The magnitude of the dynamic mass of an
accelerometer is simp ly equal to its total weight , because accelerometers act as
rigid bodies throughout their normal operating frequency range . The dynamic
mass of the structure will be large enough if the accelerometer is attached at a
poin t where the cross-sectional dimensions of the structure are large compared
to the dimensions of the accelerometer. Applications where the structure ’s
dynamic mass may be relatively small include thin plates and beams , panels , and
ciTcuit board s, particularly at frequencies at which resonance takes place. Accurate
measurements can be made even on these structures , since piezoelectric acceler-
ometers weighing a fraction of a gram are available.

In some extre me applications , the case of an accelerometer can be distorted
significantly when high strains are present in the mounting surface of the ac-
celerometer or structure . These strains may be produced by mechanical loads or
by nonuniform heating. Their effect on the performance of accelerometers is
determined on beams that are vibrated so that the radius of curvature is 1000
in. (25.4 m) and the bending strain is 250 microstrain. These test conditions
are given in published standards. The strain sensitivity of most shear-type ac-
celerometers is extremely small , and in most test applications mounting strains
can be ignored. The strain sensitivity of compressive accelerometers is sometimes
significant. Accelerom eters with high-performance characteristics (e.g., extremely 
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hig h r e sunam ice frequency amid ex t remel y  h i gh acceleration s ratimig) are usually
more susceptible than others to output  err ors due to strain . 1m m test applications
where the stat ic or dynam sii c surface strait s ins the structure is near or above 250
nssicrost r ai ns , it mnay be desirable to use insulated studs or ri gid f ixtures as s t ra m m i
filters. This nseed be considered ot ily when high-performance accelerom neter s
are used in testim sg applications where it is also necessary to mii easure low ac-
celerations and when excessive strains are expected. A better solution for these
app licatiomis is to select accelerom n eter s t h at have hig h vibration sem i sitivity and
therefore low strain sensitivity.

Acoustic Sensitivity. Althoug h modern accelero m eters produce neg li gib le
er ror si gnals when exposed to hig h-intem i sity acoustic sound fields , it i s i n te resti n g
to exp lore the mechanics of gas or fluid pressure s app lied to an acce lero simeter
case. The same types of forces are applied to an accelerometer in acoustic fields
as when dynamic fluid pressure s are present.

When pressure is applied to an accelerometer case , the case deflects amid pro-
duces a pressure on the crystal due to compression or expansion of the gas in the
accelerometer. An approximate calculation on a typical compressive acceler-
onieter indicates that the stiffness of the accele rometer is sufficient to attenuate
the pressure about 55 dB and produce an error sign al of about 0.003 g/psi of
external pressure.

The pressure outside t h e  accelerometer produces radial strains in the acceler-
ometer base. Many comnpression accelerometers have the crystal mounted on the
inner surface of the base , and in these the crystal experiences the same radial
strain. As a result the ceramic material produces an output from the d31 piezo .
electric constant. For compression accelerometers typical error sigmìals due to
radial strain are about 0.03 g/psi

For shear accelerometers error signals due to internal gas pressure and radial
strain are much less and can be considered nil .

A third effect , present in al l accelerometers , is-produced because the external
pressure changes the height of the accelerometer base . For dynami c pressures
this change in height applies a motion to the accelerometer crystals. The equiva-
lent acceleration at the top surface of the base increases with increasing fre-
quency. For a typical accelerometer the error produced by this e ffect is about
0.04 g/psi at 10000 Hz and much less at lower frequencies.

All these errors are neg lig ible when the accelerometer is subjected to extremely
intense acoustic fields. False indications of acoustic sensitivity have been pre-
viously reported because of the difficulty of separating the above-mentioned
outputs from the accelerations applied to the mount ing surface of the acceler-
ometer by the acoustic field. In other words , the accelerometer trul y measures
the acceleration applied to the acceleronneter , even thi ough i this acceleration is
produced by the acoustic field acting on the structure to which tI m e accelero m eter
is attached. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -5 - - -~~~~~~~~~
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3.2 Wire Resistive and Piezoresistive Accelerometers

Wire res i st ive stra in gages have been widely used in a num nber of app lications.
Such a strain gage comisis l s of a fine wire that change s its resistance when its
length is changed , as strain is applied to a s t ructure to which it is attached.
Sim ni harly,  wire strain s gage acce ler omnet ers have been used for shock and vibration
tne a surem ss ent s at moderate accelerations over limited frequency ranges. These
accelero m eters arc built by using a fine wire strain gage element to support a
mass element from the case of the accelerometer. Such accelerometers have
relativel y low acce le r atio nm sensitivities because time gage factors of the materials
used for t h e  wires are limited to a value of about two.

Recently, strain gages have been developed from piezoresistive materi als that
h ave a much hi gher gage factor. Piezores istive st rain gage elements are now used
in a variety of accelerometers used for shock and vibration meas u rements. Be-
cause of the hig h gage factors , the piezoresistive accelerometers have higher
sensitivities and higher operating frequency range s than wire strai n gage acceler-
ometers.

Piezoresistive Accelerometers

The gage factor of a strain sensing material is the ratio of its change in resistance
to i nitial r.~sistan ce divided by its change in length to its initial length. For a
piezores fr ive material this ratio is given by

R
K - — —— ( l + 2 M + E 1 T 1 ) (3.9)

L

where

K = gage factor of resistance element
= change in resistance

R = initial resistance
= change in lengt h of resistance element

L = initial lengths of resistance element
p = Poisson ’s ratio for the sensing material

modulus of elasticity for the sensing material
piezoresistive coefficient for the sensing material.

The sum of the first two terms , 1 + 2p, is almost 2 , which also happens to be
the gage factor ordinarily achieved in wire strain gages, because for them ir 1 is
near zero. For piezoresistive materials , the third term , Eir 1 , can have values well
above 100, which is about 50 times the gage factor for wire strain gages. This

~
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advantage makes possible accelerometers with high resonance frequencies and
sensitivities.

The piezoresitive stra mmi gage element is built into an accelerometer in such a
way that the change in lengths of the gage is proportion al to the motion of time
mass element in the acceleronneter rela tive to its case. Accordingly, t he above
equation for the change in resistance cams be simplified as follows :

= C2 5 (3-10)

where

C2 = constant determined by the specific accelerometer design
= deflection of the mass element rel ative to t Im e accelerom eter base.

Equation (3-10) indicates that a piezor esistive acceleron seter will have fre-
quency response characteristics like the theoretical response of the seismic ac-
celerometer. Many plezoresistive acceleron seters have resonance frequencies near
and above 30 000 Hz , like piezoelectri c accelerometers . It is difficult to induce
artificial damping in these high-frequency accelerometers , and the theoretical
curves for zero damping apply. Accordingly, the normal operat ing range of these
accelerometers is up to about one-fifth the resonance frequency where the
sensitivity increase is less than 59~. The important difference in piezoresist ive
accelerometers is that their sensitivity is constant to zero frequency. Therefore ,
piezoresist~ve accelero meters are used for nseasuring constant accelerations as
well as extremely long duration shock motions. Piezoresis tive accelerometers are
also buil t with resonance frequencies significantl y below 5000 Hz. For those
low-frequency accelerometers it is practic al to introduce artificial damping, and
the theoretical curves for 0.7 of critical damping apply.

The internal construction of a piezoresistive accelerometer is shown in Fi g.
3-13 (14 J . The peizoresist ive stra in gage elements are identified as RI , R2 , R3 ,
and R4. These elements are fastened on each side of slots machined in a cylin-
drical member. When upward motion is app lied to the base of the accelerometer
along the sensitive axis , the mass element part of the cylinder bends very slightly
toward the base , causing the length and resistance of RI and R3 to increase
while the length and resistance of R2 and R4 decrease. These piezoresistive ele-
ments are connected electricall y in a Wheatstone brid ge in a simnilar way to other
resistance stra in gage circuits. Direct current voltage excitation is app lied to the
bridge input, and the brid ge voltage output varies with time along with the time
variati on of the acceleration applied to the accelerometer. Frequentl y this volt-
age output requires no amp lification; it is measured by using the samne readout
instruments used with other strain gage accelerometers . If desired , other instru-
ments can be used , such as constant-cu rrent power supp lies and d.c. amplifiers ,
which are norma lly used with strain gage circuits.
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Fig. 3-13. Internal construction of a piezoresistive
accelerometer

Performance Characteristics. A summary of performance characteristics of
piezoresistive acceleron seters is given in Table 3-4.

In addition to those for which acceleration range s are given in Table 3-4 ,
other piezoresistive accelerometers are available , with range s below and above
2500 g. The sensitivities of these accelero meters are related to their acceleration
ranges. Accelerometers designed for high shock motion measurements have low
sensitivity. Accelerometers with high sensitivities , for example 50 mV/g, are
intended for vibration measurement app lications at relatively low accelerations ,
up to 25 g. The sensitivity given in Table 3-4 applies when t h e  rated excitation
voltage is provided at the input of the Wheatstone brid ge in the accelerometer.

The results of shock and vibration calibrations on piezoresistive accelerometers
are illustrated in Fig. 3-14. These data indicate that sensitivity is constant over
the operating range s of the accelerometers. Shock calibrations on piezoresistive
accelerometers indicate freedom from zero shifts , which frequently occur in
piezoelectric accelerometers used at high accelerations. Accordingly, piezore-
sistive accelerometers are preferred for cases in which it is desirable to perform
electrical integration of the accelerometer output to determine the velocity
chan ge in shock motion testing applications.

The frequency response characteristics of piezoresistive accelerometers with
damping near zero are similar to those of piezoelectric accelerometers. Oil
damping is provided in the accelerometer having a resonance frequency of 2700
Hz, The damping is in the range of 0.4 to 0.7 of critical damping at room tempera-
ture . With this damping, sensitivity is nearl y constant from 0 to 750 Hz over the
full operating temperature range . The piezoresistive accelerometer using oil

~
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Table 3-4. Typical Performance Characteristics of
Plezoresistive Accelerometers

. . High-Acceleration Low-AccelerationCharactenstics Model Model

Acceleration Range ,g ± 2500 ± 25
Sensitivity, mV/g 0.1 50
Excitation V d.c . 10 24
Resonant Frequency Hz 30 000 2700
Damping Ratio 003 0.4-0 7
Frequency Range Hz 0-6000 0-750w
Temperature Range °C (°F) — 54 to 121 — 7 to 93

(-65 to +250) (20 to +200)
Resistance , ~ 500 1500
Transvere Sensitivity % <3  <3

~Recommended frequency range over full operating temperature range .
Source: Ref. 15.

1. 20
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‘ SHOCK

~ 2260
~~ 1.1C -°~~~-oo~ o~~ ~
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> >E 1.00 0.092 E
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C” 2261C
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“ ‘ ° ~~~~~~~~~~~ ° ° ° ° ° 0.084
2V IC’U,
U

86 I ~i076~~- 500 1000 1500 2000 2500

ACCELERATION g pk

Fig. 3-14. Calibrations indicating typical linearity characteristics of piezoresistive
accelerometers

damping is intended for use in the temperature range from -7°C to 93°C
(20°-200°F).

At high temperatures the viscosity of the oil decreases, resulting in low
dam ping. The viscosity increases at lowe r temperature , which causes high damp-
ing. Accordingly, the frequency response characteristics change as a function of
temperature , as illustrated in Fig. 3-ISa.

-
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Fig. 3-iSa . Typica l frequency response of a
piezoresistive accelerometer with oil damping
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Fig . 3-15b. Typical temperature response of a piezoresi stive
accelerometer ( lS J

At 93°C (200° F) the damping is near 0.2 of critical damping, and at 10°C
(50°F) the damping is about 0.7. For accelerometers using oil damping it is
desirable to perform frequency response calibrations throughout the operating
temperature range if the accelerometer is normally used at temperature extremes.
In addition to the frequency response changes near the resonance frequency
at various temperature s, the sensitivity vanes as a function of temperature , as
shown in Fig. 3-1 Sb , in a manner similar to that of undamped piezoresistive and
peizoelectric accelerometers. This change in the sensitivity is caused by changes
in the gage factor and is determined by the temper ature characteristics of the
modulus of elasticity and the piezoresistive coefficient of the piezoresistive
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sensing element. The sensitivity deviations are minimized , as indicated in Fig.
3-1 Sb , by installing compensation resistors in the brid ge circuit in the piezo-
resistive accelerometer.

One final effect present in rise accelerometer is that the bridge becomes
slightly unbalanced when subjected to temperature clsaisges. This unba lance
(zero measuran d output)  is due to small diffe rences in resistance change s of the
sensing elements as a function of temperature. This change in resistance produces
small changes in the d.c. voltage output of the brid ge. Care is taken in the
design of the piezoresistive accelerometer to keep the change s in the d.c. voltage
output a small fraction of the output at the maximum rated acceleration of the
acceleron seter.

Env u-onmental E ffects. The environmental characteristics of transverse
sensitivity and the effect of the accelerometer mass on the motion of the struc-
ture are similar in piezoresistive and piezoelectric accelero meters. The typical
values of near or less than 3% for the maximum transverse sensitivity are common
for piezoresistive accelerometers. Just as for piezoelectric accelerometers , it is
desirable to select piezoresistive accelerometers that weigh significantly less than
the mass represented by the cross.sectional dimensions of the structure to which
the accelero meter is attached. If this is done , the accelerometer will not signi-
ficantly change the motion of the structure. Frequently, this requirement is
satisfied simply by care in selecting the mounting location on the structure.

Piezoeresistive accelerometers are capable of withstanding shock and vibra-
tion accelerations significantl y above their rated acceleration ranges. However ,
the piezoresistive materials used ate quite brittle and it is necessar~t to limit the
applied stresses. In accelerometers designed for high shock motions , the moving
elements can be designed to avoid excessive stresses even at the highest shock
motions normally encountered. I-however , some precautions are necessary with
piezoresistive accelerometers designed for use at moderatel y low accelerations.
In the high-sensitivity piezoresistiv e accelero meters designed for use at low ac-
celerations the stresses are minimized b y built-in stops that limit the motion of
the mass element. The stops engage at deflections corresponding to applied
accelerations of several times the rated acceleration range .

It is sometimes desirable to take special precautions to avoid damage to piezo-
resistive accelerometers used in extremely severe shock environments. For
examp le , shock motions of ship structures subjected to underwater explosions
produce a high-frequency excitation that tends to excite the resonance frequency
of the accelerometer , which may cause damage . To overcome this problem , the
accelerometer may be inst alled in a mechanical shock isolation fixture , as shown
in Fi g. 3~16, which is attached to the structure . The urethane disks are designed
to have enough stiffness , when supporting the accelerometer and steel slug, t h at
high frequencies are filtered out to pre vent damage . Of course, the transmissibility
of this shock isolation system is near unity for the frequency components that
represei1t the shock motion being measured. This method of mounting acceler-
ometers may be used in similar shock measurement app l ications.

L - —.
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Fi g. 3-t6. Mechanical shock isolation fixture
that reduces excitation of the resonance fre-
quency of an accelerometer 120 1

Piezoresistive accelerometers are used in some testing applications in the
presence of nuclear radiation environments. Piezoresistive accelerometers cannot
withstand radiation ~‘vironment s as well as piezoelectric accelerometers . Neutron
fluence of the order of lO ’3 -lO t5 njcm 2 and gamma radiation of 108 erg/g(C)
tend to damage the silicon crystals used in piezoelectric accelerometers. The
ability to withstand these high radiation environments depends on the particular
semiconductor material and processing used. For example , radiation-hardened
piezoresistive accele rometers operate satisfactorily during transient nuclear radia-
tion environments.

The sensing elements in piezoresistive transducers have a high temperature
coefficient of resistance . Shunt calibration techni ques such as those used with
wire strain gage transducers should be avoided. Since these elements are resistive
and are energized with an external d.c. voltage or current , they generate low-
leve l , low-frequency noise typical of resistive elements.

3.3 Capacitive Accelerometers

A capacitive accelerometer has the characteristics of a seismic transducer. One
of the capacitive plates is supported by a spring of flexure mechanism from the
case of the accelerometer. The change in capacitance is a function of the displace-
ment of the capacitor plate relative to the accelerometer base. Figure 3-17 illus-
trates the construction of a capacitive accelerometer . The change in capacitance
per unit of acceleration applied to the base is given by the following equation:

(3-i l )
g d2

~I4~



.~ .—~ - -- ---=-~ -- -~ 
— .~~~~~~~~~~ -— ~~--— - -—

64 CALIBRATION OF SI-lOCK AND VIBRATION MEASURIN G TRANSDUCERS

_ _ _ _  

- CAP

.j~~—CLAMPlPdG RING
1 ~ WASHER

r -DIAPHRAGM
—SMCING WASHER

tLJ
-CASE

. 1~~~ . I ~~~~~
L
~~~ STATIC ELECTRODE

- - - - -
, 

POTTING C0~POUPC

- -—COt*IECTOR

Fig. 3-i 7. Exploded view of a Labora to-~y model
capacitive accelerometer

where

AC = change in capacitance
K = constant determined by the design of the accelerometer
r = radius of the capacitive plates
d = spacing between the plates
f0 = resonance frequency of the accelerometer.

The acceleration sensitivity of the accelerometer is proportional to the change
in capacitance. A capacitive accelerometer is inherentl y nonlinear , since the
change in capacitance is inve rsely proportional to the spacing of the plates. The
shock motion calibration documented in Table 3-5 , performed on a capacitive
accelerometer , is an example of this nonlinearity. The changes in sensitivity at
high accelerations exceeding 10% limit the usefulness of this accelerometer. A
frequency response calibration is illustrated in Fig. 3-18. It indicates significant
deviations from the nominal response of a seismic accelerometer. These calibra-
tion results indicate the importance of performing sensitivity, frequency re-
sponse , resonance frequency, and shock motion calibrations.

3.4 Inductive Transducers

Various inductive transducers are used for measuring vibration and shock
motion . They include the proximity, movable-core , and seismic transducers
listed in Table 3-6. A proximity pickup is attached to a fixture and positione d
with a small gap between it and the object whose motion is being measured.
It does not mechanically load the object. In the case of movable-core trans-
ducers part of the transducer must be attached to the vibratin g object and the
other part to a rigid fixture.
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Table 3-5. Amplitude Linearity Calibration of a Capacitive Accelerometer

Applied Acceleration
Acceleration Sensitivity

~g) (mV/g)

92 0.495
980 0.475

1650 0.450
2250 0.420

+10

50 100 1000 10,000
F~REOUENCY , Hz

Fig. 3-18. Freque ncy response calibration of a capacitive acceler-
ometer

The most popular of the seismic inductive transducers is the electrodyn amic
type . It is desi gned to have a very low natural frequency and is used as a velocity
pickup. Differential-transformer and variable-reluctance seismi c transducers are
used as accelerometers. Some inductive transducers are in limited use. The in-
ductive transducers must be calibrated to establish their accuracy within their
operating frequency ranges. Some are quite large and require special fixtures
when calibrations are performed on small shake rs . The most widely used induc-
tive transducers are the electrodynamic velocity pickup and the vari able-relu ctance
accelerometer. The descriptions of these transducers provide information helpful
when performing calibrations. More detailed information about the design and
description of the other inductive transducers may be foun d by consulting the
bibliograp hy.
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Electrodynamic Velocity Pickups

A typ ical electrodynamic velocity pickup is illustrate d in Fig. 3-19. A coil of
wire forms part of a seismic mass, which is supported on a column by springs.
When the case of the velocity pickup is vibrated the coil slides up and down the
column at frequencies above the natura l frequency of the single-degree-of-
freedom spring-mass system. The coil remains virtual ly motionless as the case
vibrates. Therefore , the magnetic lines of force from the magnet vibrate up and
down about the coil. The output voltage of the coil is prop ortional to the
relative velocity of the coil and magnet. The open-circuit voltage generated in
the coil is

e = - B Q v ( l 0 ~~
2 ) (3-12)

where

e = output voltage generated , in volts
B = flux density, in teslas

= total length of the coil wire , in centimeters (in.)
v = relative velocity of coil and magnetic , in centimeters per second (in./s).

It is common to use air or oil damping in velocity pickups to limit excessive
motion of the coil , particularly when it is subjected to vibration a~id shock
motions and at frequencies near the natural frequency . A typical calibration per-
formed on a velocity pickup is plotted in Fig. 3-20. The sensitivity decreases
sharply at frequencies below resonance , in accordance with the nominal re-
sponse for seismic transducers used above the natural frequency. Sensitivity
decreases at the higher frequencies above resonance are due to eddy-current
losses.

INNER POLE PIECE
— SPRINGS

OUTER POll PIECE

- 

—C~~~~~~~~~~~~ C MASS

Fig. 3-19 . Construction of an electrodynamic velocity
pickup 122 1 
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Fig. 3-20. Frequency response of a velocity pickup 122 1

Variable-Reluctance Accelerometers

The construction of a variable-reluctance accelerometer is illustrated in Fig.
3-21. Almost all inductive transducers are quite large ; this design uses miniature
components to keep the size small . Miniature accelerometers have little e ffect on
the shock and vibration motions of structures to which they are attach ed.

The mass element consists of magnetic material suspended by a flat spiral
spring from the case of the accele rometer. Since the operating range of the
seismic accelerometer is at frequencies below resonance , the mass element ex-
periences small deflection motions up and down when the case is vibrated. This
motion varies the gap between the magnetic mass element and the coils , which
are fixed to the accelero meter case . As this occurs the induct ance of one coil
increases while that of the other decreases. The inductance of the coils is given
approximately by the following equation:

L = 
4~~

2S(10 o) 
(3 - 13)

where

L = coil inductance , in henries
n = total number of coil turn s
S = area of the gap, in square centimeters (in. 2 )
Q = length or thickness of the gap, in centimeter s (in.).

______________________  . - -
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Fig. 3-21. Construction of a miniature variable-reluctance accelerometer 123 1

Since the inductan ce is inversely proportional to the length of the gap, the
acceleration sensitivity is inherently nonlinear. Amplitude linearity calibrations
are made to determine the degree of nonlinearity. A typical variable-reluctance
accelerometer has a resonance frequency of about 200 Hz. Oil damping is used
to extend the operating frequency range to about two-thirds of the resonance
frequency . Temperature response calibrations are performed to determine the
variation of accelerometer sensitivity at the various temperatures encountered
in service.

3.5 Serv o Accelerometers

Servo accelerometers are used for measuring low-amplitude vibrations at fre-
quencies rangin g from zero to several hundre d hertz. Servo accelerometers are
used extensively as guidance instruments in aircraft and space vehicles. They are
also useful for various app lications requiring the measure ment of small accelera-
tions , such as those present in buildings subjected to machinery vibrations awl
earth quakes. The construction and operating principle of a servo accelerometer
are illustrated in Fi g. 3-22. When subjected to motion , the proof mass tends to
deflect relative to the base of the accelerometer , and the pickoff changes its
capacitance as a result of changes in the damping gap. As this occurs , the servo
supplied current to the coil , located in the gaps of the permanent magnets. The
resulting force restorcs the coil to its equilibrium position. The output signal is
a measure of the coil current and is propo .rtional to the applied acceleration.

Servo accelerometers have high acceleration sensitivities and wide frequency
ranges. Typ ical values for the accelerometer illustrated in Fig. 3-22 are a sensitiv-
ity of 250 mVfg and an operating frequency range of 0 to 500 Hz.

3.6 Self-Contained Recording Instruments

Mechanical instruments used for recordin g shock and vibrati on are used for
measuring vibration of transmission lines , impacts occurring in railroad vehicles ,
and impact studies with explosions. A simple peak-reading acceleration recorder
is shown in Fig. 3-23. This particular recorder has eight separate reeds , for
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Fig . 3-22. Constructio n of a miniature variable-reluctance acceler-
ometer 1231

recording various accelerations up to 10 000g. Each reed has a diamond-tipped
stylus on the free end to inscribe a permanent record on a gold-plated disk.
Calibration sheets give the resonance frequency and acceleration sensitivity of
each reed.

The lmpact-O-Graph self-recording instrument is used for measuring shock
motions and impact in vehicles. This recording instrument uses a low-frequency
mass-spring system that includes a recording stylus. The stylus assembly is built
with a lO-to- l amplifying linkage . The stylus motion is recorded on wax- or
plastic-coated tape . Three of these mechanisms are assembled in one instrument
to record accelerations in three mutually perpendicular directions. Some 
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Reed Plate and Record Hub TYPICAL RECORD
()or Sensing and Recording ) (1 0 Times Sir.)

Fig. 3-2 3. Peak-reading mechanical shock recording accelerometer (Engdahl Enterprises )

instruments use a moving tape to record frequency and accelerometer a m p litude
da ta.  Accelerometer measurements are made in ranges from I to 20g.

A self-record ing ins t rument  for measuring vibrat ions of overhead conductors
is used in the electric power industry.  This recorder consists of a mechanical
linkage system that  provides a magnification factor of live to a s tylus , which is
used to record the vibrat ions.  The sty lus scribes the vibrat ions on a tape travel-
ing at a constan t speed so t h at bot h di splace men t a mplitude and frequency are
recorded.

To obtain accurate data ,  it is important  to perform calibrations on both
vibration and shock motion self-recording instruments .  Moving parts tend to
wear and are sometimes damaged during use.

3.7 Auxiliary Instruments

- The simplest instruments to use in measuring vibrat ion and shock motion
are the electronic voltmeter and the oscilloscope . These ins t rum ents  allow the
amplitude of the vibrat ion to be read from the output  of the signal conditioner
used with the t ransducer .  The oscilloscope perm its viewing the vibrat on or
shock mot ion waveform. A d u al- t  race oscilloscope permits  measur ing two 

~~~~~~~~~~~~~
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o utp U ts  snt tu lhineo u slv I I )  obtain phase ari ~ le dfla.  These instrume nts  at e  the
least that  are required i t t  the cal ibration laborato ry . Ollicr more specialited
I t l s t ro nic t i t s  arc available l~sr use i n t e st in g and sometim es a c  used in calibration.

A n u t t i be m of vibrat ion- i nd icat ing m et e ts  are used in various applications.
Some include electronic in tegrat in g circu its  so tha t  direct readin gs of velocit y
a nd disp lacement amp litudes m a y  be obtained Ir oi n accelerometers. Othe r
basic voltmeter-t ype ins t ruments  include low-pass , hi gh-pass , an d band-pas s
Illi ers for limiti n g the frequency range of the v ib ia t io n or shock m easurement.

Di gital ind ica ti i io ins t ruments  rep resent a t e cent  , tnore sop ltisticated appr oach
to makin g neas or cmn et m ts.  Rectifyi n g circui ts  arc used to change th e analog out-
puts from the signal conditio ners into d.c. signals so that  the ampli tude of the
vibrat ion or shock motion m a y  be disp layed dig ital l y - Some of these inst ruments
are also equ i p ped wi t h d igita l displays of the pulse amplitude and the wi dth of
pulses fro m shock motion measurements.

Use of dig ital ins t ruments  for vibra t iot m calibrations redu ces calibration time
and n ii nin i izes human erro r. Their use is generally encouraged. However , it is
mccognlLe d that small additiona l errors (less tIt an I 

~~
-) a re i n t rod uced as a resu l t

of using these instruments for sinusoidal motion calibrations. These errors are
acceptable in most calibratio n laboratories. On the other hand , t he Pri mary
Standards Laboratory may want to perform certain calibrations with voltage
divider circuits and voltmeters to eliminate these errors .

The use of di gital instruments is impor tant  in shock motion calibrations. For
example , shock motion calibration errors of about ~~ are frequently present
w hen peak acceleration s are read frotn an oscilloscope . These errors can be
eli m inated by using di gita l i ns t ruments  to measure peak accelerations.

System calibrations are fre quently pertbrmed on accelerometers and signal
conditioners used as shock and vibration standards. This has the advantage of
y ielding the acceleration sensitivity including the gain of the at imp l if i er. However .
it is unnecessar y to perform the system calibration of the accelerometer and
an iplifier together with the aux iliary ins t ruments .  Auxil iary ins t rum ents  can be
calibrated electricall y to de monstrate their  accura cy, so t h at vibrat io n a n d sh ock
motion calibratio n laboratories can use them with confidence.

3.8 Displacement Measurements

Disp lacement measurements  are made with inductive proximity pickups and
w i t h a variety of optical i n s t rumen t s .  i nc lud ing  lasers . TIme induct ive  pickups are
use ful when direct measuren m en t  of displacement ampl i tudes  is necessa ry and
where it is pr actical to use the proximi ty  pickups. These picku ps are in limited
use in cal ibrat ion lah otatori cs. Direct-vi ewing optical ins tmum t ie n t s  an d lasers are
use fu l or c e r t a in  types of cal ibrat ions . i n c luding absolute me asurements at hig h
fre q ue t t c i es
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1-i g 3-24 . The vibrating wedge dis-
plays peak-to-peak displacement

Direct-Viewing Optical Instruments

The simp lest optical vibration measurement is made with the naked eye The
vibrating wedge (Fig. 3-24) is a usefu l and reasonably accorate ins t rum en t  for
direct-viewing measurements. It consists of accurately drawn lines that appear to
intersect when the wedge is vibrated. When the wedge is subjected to sinusoidal
vibration , the velocity is zero when t h e  disp lace m ent amp litude is at it s positive
and negative maxima. This causes ti me wedge to dwell at the disp lacem ent maxima.
The vibration measurement is made by observing ti m e intersection of th e l i m me s
md readi ng the graduated scale at the bottom of the wedge.

\ tmmi crosco pe may be used for making direct-viewing vibration measurements.
R~- m 1e~ t m ’ ~ tape or ot her hi ghlights on a sinusoidal vibrating shaker are used to
pi. ’vide an Il ma g e tin a graduated scale.
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The vibrating wed ge and mneasurements with microscopes are useful in the
calibration laboratory when it is necessary to perform calibration at frequencies
near and below 50 HL. Otherwise more modem techniques are generally used.

Lasers and Holography

Optical holograp hy and laser interferometry are valuable tools that are making
significant advances in vibration analysis and in other applications. These techni-
ques are useful for making ultrahigh-frequency shock and vibration calibrations
and for m akin g cert ain evaluations on calib ration shakers or othe r vibrating
objects.

Holograp hy uses a laser beam to record light interference fringes on a photo-
graphic plate. illuminating the plate , after developnient , produces a three-
dimensional image of the original object used to make the hologram on the
plate. Lasers are required because they provide a coherent light source. Spatial
coherence implies uniformity of the wavefront in the plane transverse to the
light beam . Lasers have almost perfect spatial coherence. Any lack of spatial
coherence results in background noise in the hologram for a portion of the
object , as a result of scattering of the light. Such noise is worse for opaque ob-
jects than for transparent ones.

Temporal coherence is achieved by maintain ing uniform intensity along the
length of the beam. Each wave has the same intensity as other waves along the
length of the beam. For the perfectly monochromati c source single-free light ,
the temporal coherence is infinite. In other word s, good-quality fringes would be
produced regardless of the path lengths of the object and reference beams. How-
ever , lasers contain a number of frequencies in a narrow bandwidth , which
results in limited temporal coherence. This produces irre gularities in the light
wave at the distance corresponding to odd-integer multiples of the length of the
cavity in the laser. This limits the field of depth to less than the cavity length
because fringes disappear at distances corresponding to these lm:ngt hs. The
coherence length is about 7 in. (180 mm) for lasers used in holography , and this
is the limit for the size of the object. However , the various modes of the laser
are in phase again at even multiples of the cavity length , which means that
present-day lasers can be used in certain interferometry applications at path
length differences up to several kilometers.

Holograms are made of vibrating objects in a form of double-or multip le-
exposure interferometry . It should be possible to perfo rm a complex motion
analysis on a vibrating object when coherent lasers of controlled pulse durations
are available. However , experimental work at present is limited to sinusoidal
motion excitation; the hologram is thu s the same as if a double exposure were
made at the extremes of the displacement amplitude.

Figure 3-25 shows the test setup for studying the vibration of a sonar trans-
ducer. Photographs of the reconstructe d hologram are shown in Fig. 3-26, These
depict the transducer vibrating at its fundamental mode~ the number of fringes
gives a quantitative measure of the vibration amplitudes at various locations on

_ -
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~~~~~~~~~~~~~~~~~ O U L E R /

M~CP OSC O PE OBJECTIVE AND PINHOLE

PHOTOC. RA PHI C P LATE

I -mg  3-25 Typical setup for using a laser beam to measure vibration of an acoustic trans-
ducer [25J

Fig . 3-26. Photographs of reconstruc te l holograms made with the setup
shown in Fig. 3-25 125 1
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the object. For higher mode resonances , the hologram is a more complicated
array of fringe patterns which makes it practica l to identify the resonant mode
in addition to the amplitude of vibration.

Conventional interferon metry does not use the holographic procedure of
reconstructing an image after developing a photograp hic record of the fri nge
pattern.  Usually conventional interferometry is used to examine the motion or
dimension of a point , whereas holograp h y makes a record of entire surfaces.

—
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CHAPTER 4
CALIBRATION SHAKERS

The shaker , or vibration generator , is the heart of any calibration system.
Very accurate calibrations can be performed on almost any shaker. However ,
this accuracy is achieved only at those frequencies for which the vibration is
rectilinear and free of transver se motion and acceleration waveform distortion.
When a shaker is selected for calibrations it is necessary first to perform rather
elaborate evaluations to determine the frequency ranges in which this pure sinu-
soidal motion is produced . It is best to select shakers that are virtu ally free of
transverse motion and accelerometer waveform distortion throu ghout their
operating range. Good-quality calibration shakers are commercially available.
One is shown in Fig. 4-I .

Most calibrations are performed with electrod ynamic shakers. Electro-
dynamic shakers are generally capable of producing sinusoidal motion at fre --
quencies between 10 and 50 000 Hz. Special shakers are used for calibrating at
frequencies lower than 10 Hz. Some piezoelectric shakers are used at selected
high frequencies to produce the sinusoidal motion required for interferometr ic
calibrations. A special mechanical shaker is used for transverse sensitivity calibra-
tions.

4.1 Electrodynamic Shakers

The electrodynamic shaker is the counterpart of the inductive velocity pick-
up. In the shaker the inductive coil is used in its reciprocal sense , to produce
rather than measure vibrati on. The coil is wound on an armature and becomes
the moving element of the shaker. Tine coil is positioned in the gap of a strong
magnet. Motion is produced by applying a sinusoidal alternating current to the
coil. The resulting alternatin g magnetic field produced by the coil interacts with
the steady flux of the magneti c field of the magnet to prod uce sinusoidal vibra .
tio n .

Two characteristics are importa nt in the design and use of calibration shakers:
(1) the size and weight of the armature and (2) the suspension system used to
support it in the magnetic structure. The armature should be small , so that its
resonance is as high as possible. The resonance of the armature should be above
the operating frequency range of the shaker. The suspension system used in the
shaker should be as soft as pract ical and substantially free of effects due to sos-
pension resonances. The soft suspension system also provides freedom from
acceleration waveform distortion at low frequencies. Air-bearing shakers permit
low-frequency operation without distort ion and eliminate suspension resonance

77

--5-- - ____ - -- - --5— —-5 - —---- —



78 -~L tBR ,~ I IoN (fl- SIiO ( K ANI ~ ~‘l I l R A l  ION \ I I  - \ St I < lb , I R - \ N S O t I RS

I

~~~~~~~~~~~~~~~~~~~~

- 

~ 

~ ~ii
_ I.-. ~IiJ

Fig. 4 - t .  Shaker designed for calibrat ing acce lerometers and other vibration
transd ucers. (Douche Labor atories)

effects. Flexur e plate supports used in other shakers have resonan ces that pro-
duce transverse motion in certain frequ e mmcy ranges.

Arm ature Materials

Selection of the materia l for the n loving element in t he  cal ibrat ion shaker is
t he key to achieving a high resonance frequenc y . Nl an v  ca l ib ra t ion  shakers use a
movIng element fabricated from a single piece of mater ia l . Ti m e resonance fre-
quency is determined by t i ne m ech a n ica l p r operties o f the mate r ia l .

Evaluations of prototype hi gh-frequency calibratio n s shakers using beryl l ium
all oy, a lumina  (sintered a l u m i n u m  oxide) ,  and magnesi u nt  alloy have provided
use fu l pe rformance data. The imnporta n t properties of these materials are shown
in Table 4-1. Beryllium al loy,  l ike a lumina . has a hi gh modulus of elast ici t y .

_ _ _  _ _ _ _ _
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Table 4-1 . Characteristi cs of Materials Used for Shaker Armatures

Material

Characteristic - T -Beryllium - MagnesiumAluminaAlloy Alloy

~~~~~~~~~~~~~~~~~~~~~~~~~ 290 (42) 345 (50 45 (6 5)

m~, 1O 3 kg/cm3 (Ibm/ in. 3 ) 1 .9 (0.067) 3.9 (0. 14) 1.8 (0.065)

Root Modulus/ Density,
(E/ ~ ) 1/2 , cm~/ 2 / ( l &  in. 1!2 ) 40(25) 30(19) 16(10)

Normalized Resonance 2 5 1 9Frequency, Hz -

Internal Damping, 
~~~~~~~~ 05 0.000 06 0,3*Logarithmic Decrement

*Achievable only when the materi al is mechanically stressed at 500 psi or above .
Source: Ref . 26.

while magnesium alloy has a low value. Alumina has the disadvantage of a den-
sity approximately twice that of beryllium and magnesium alloys. Taking the
square roo t of the ratio of the modulus to the density shows that the resonance
frequencies of shaker armatures of similar design are highest when the armatures
are of beryllium alloy. Table 4-1 shows that the resonance frequency of the
shaker with beryllium alloy is 2.5 times that obtained with magn esium alloy
and 1.9 times that obtained with alumina.

One of the reasons for considering magnesium alloy is that under certain con-
ditions high internal damping is obtained ; whereas the internal damping is quite
small for beryllium alloy and alumina. If high damping is achieved , the m agnifi-
cation at resonance is small and harmonic distortion in the motion caused by
exciting the resonance is also small. However , this high damping is achievable
only when magnesium alloy is subjected to significant mechanical stresses. In
these prototype shakers there was no indication that high stresses are produced
at resonance , and the magnesium alloy armature exhibited high magnification ,
like armatures built with beryllium alloy or alumina. Thus , there is no apparent
advantage in using magnesium alloy for the moving element. The magnesium
alloy armature has the disadvantage of a much lower resonance frequency, which 

~~~~~~~~~~~~~~~~~ . -,~--~~~~~~~~ _ -_ - - -~~~~~-
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Table 4-2 . Summary of Prototype Shaker Performance Characteristics

Specification
Characteristic

Shaker A Shaker B Shaker C Shaker D

Moving Elemen t , material Ber yllium Beryllium Alumina Magnesium
Alloy Alloy Alloy

Movtng Element , mass 0.18(0.4) 032 (0.7) 0.45(1) 0.45(1)

Resonance Frequency 
55 35 30 10kHz

Relative Motion at 
2 4 5 10Maximum Frequency %

Sensitivity and Frequency 
5-10000 5-10000 5-10 000 5-5 000Response Cal ibration Hz

Resonance Frequency 550 000 - - - - - - - - -Calibration Hz

Acceleration Distortion % 2 2 3 5

Source: Ref. 26,

causes excessive relative motion when the shaker is used to calibrate at high fre-
quencies.

The alumina armature has almost as high a resonance frequency as the beryl-
lium alloy armature . However , the mass of an alumina moving element is signiti-
cantly higher , and more power is required to drive it. The alumina armature
has the further disadvantage that the material is brittle and is more easily dam-
aged by handling. It is apparent that beryllium alloy is the best material for the
armatures of calibration shakers.

Shaker Performance

A summary of specific performa nce characteristics of prototype shakers built
with these materials is shown in Table 4-2. The resonance frequency of the
shaker was measured by putting a noninductive resistor in series with the driving
coil. The current through the resistor , therefore , was identical in magnitude and

~ 
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phase angle to the current in tin e driving coil. A i mi gh -reson-ance 1requcncy
accelerometer was attached to th~ shaker ’s moving element. The resonance fre-
quency of the accelerometer was significantly hig her than that  of the shaker.
The resonance frequency of the shaker was determined by observin g when the
ratio of accelerometer output to coil current was maximum and the phast~ ~ ‘gIe
between these signals changed from 0 degrees through 90 degrees and up to 180
degrees. Some care is required in interpreting such data if local resonances are
present in the shaker ’s moving element or in the accelerometer used.

The resonance frequency measured or. four prototype shakers is given in
Table 4-2. The performan ce of these shakers is in agreement with the mechanical
propertie s listed in Table 4-I . The shaker built with magnesium alloy has the
lowest resonance frequency, and the beryllium alloy shaker has the highest. The
slight variations between the mechanical properties of the material and the re-
sultant shaker performance were caused by the fact that the moving elements of
the different prototype shakers had somewhat different dimensions.

Relative Motion. An accelerometer standard is mounted in the calibration
shaker armature to measure the motion of the armature table. The signal from
the standard establishes the reference acceleration with which the test accelero-
meter is calibTated. Any motion between the standard and the mounting surface
to which other accelerometers are attached is called relative motion. Relative
motion is significant at high frequencie s and varies with the mass of the test
accelerometer mounted on the armature .

The relativ e motion between an accelerometer standard buil t  into the shaker
armature and the surface to which the other accelerometers are attached is
determined by using a test accelerometer subassembly whose resonance fre -
quency is not significantly changed when it is buil t with various accelerometer
bases having masses up to 100 g. In other words , the distributed stiffness of the
various bases, together with the stiffness of the mounting joint , are large com-
pared with the effective stiffness of the seismic system in the accelerometer.
Since the resonance frequency of the accelerometer with these bases is nearly
unchange d , any variation in the ratio of the output of the standard buil t into the
shaker would be a direct measure of the relative motion in the shaker.

The result of an evaluation of prototype shaker A is given in Fig. 4-2 . For any
accelerometer having the larger mass , 100 g, the motion at the base of the
accelerometer was more than that for an accelerometer having a low mass , such
as 20 g. Accordingly, the correction factor for heavy accelerometers is slightly
less than 1.00. For shaker A , the amount of the correction for most accelero-
meters is less than 2% for calibrating at 10000 Hz. The relat ive motion and
correction factors for the other prototype shakers are given in Table 4-2. (Ac-
celeration distort ion in a shaker is usually caused by harmonic distortion in the
driving power signal.) In the case of the magnesium alloy shaker , the relative
motion is excessive , and corrections to calibration data at frequencies at or
above 5 kHz would not be practical .
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Fig. 4- 2. Correction factors in Imm e as ur in g frequency resp onse for a
calibratio n shaker with various weights attached to the armature
126 1

Distortion. The principal source of distortion in the acceleration motion of
the shaker at high frequencies is harmonic excitation of the armature resonance
frequency. The power amplifiers used with shakers produce harmonic distortion
principally at odd harmonic frequencies of 3, 5 , 7 , 9 , etc., times the excitation
frequency. Accordingly, the shaker produces motion at the odd harmonics in
addition to the motion produced at the fundamental or excitation frequency.
It follows that shakers with lower axial resonance frequencies have more distor-
tion for the same operating frequency range. The distortion of the various shaker
designs is measured using a commercial distortion meter on the output of the
accelerometer mounte d on the shaker.

Transverse Motion. Transverse motion in a shaker produces calibration errors
because the accelerometer standard and the accelerometer being calibrated pro-
duce a small output when subjected to vibration in a direction transverse to the
axial motion of the shaker. This output is due to the transver se sensitivities of
the accelerometers. Generally , the transverse sensitivity of the accelerometer
standard is less than that of the accelerometer being calibrated , and most of the
error is due to the latter .

The transverse sensitivity stated for an accelerometer is the m aximum trans .
verse sensitivity that occurs in a particular direction in the plane perpendicular
to the accelerometer sensitive axis. When the accelerometer is vibrated in a direc-
tion that is in the transverse plane and also perpendicular to the direction of
maximum transverse sensitivity , the output of the accelerometer is extremel y
small since the transverse sensitivity in that direction is small or zero.

If the transverse motion of the armature happens to occur in the direction of
maximum transverse sensitivity of the accelerometer , the error can be computed
by taking the product of the accelerometer transverse sensitivity and the armature
transverse motion. For example , the maximum error would be 0,75% if the
transverse motion were as large as 25% and the transverse sensivitity were 3%.
Howeve r , it is very unlikely that the direction of transverse motion would
exactly coincide with the direction of maximum transverse sensitivity. The
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calibration error caused by transverse motion is ne:md y always considerabl y
less thais this value .

Another error produced by transverse mnotion is the outp ut  caused by the
strain sensitivity of the acceLerometer , When the armature experiences transverse
motion , dynami c strains are produced in the accelerometer mounting surface.
These strains can produce a measurable output in accelerometers with high
strain sensitivities.

Significant transverse motion calibration can be avoided by using shakers
with reasonably low transverse motions. The transverse motion of a shaker is
often measured with a miniature triaxial accelerometer that is suitable for meas-
urements throughout the frequency range of the shaker. The shaker is slowly
swept through the frequency range , and measurements are made at each fre-
quency exhibiting significant tran s ierse motion , as indicated by the outputs
from the X-and Y-axes of the triaxial accelerometer , The transverse motion of
the shaker is computed by the ratio of the X-axis output divided by Z-axis
output and the Y-axis output divided by the Z-axis output.

The maximum transverse motion is less than 25% for all the shake rs listed in
Table 4-2. This transve rse motion occurs at several frequencies in the operating
range up to 10 000 Hz. As discussed above , this performance produces very
small calibration erro rs .

Low-Frequency Shakers

Most commercial shakers designed for calibrati on purposes have a low-
frequency limit of 5 to 10 Hz . This makes it necessary to devise special fixtures
that permit vibration calibrations at lower frequencies. The air-bearing shaker
illustrated in Fig. 4-3 uses an extension table for these low-frequency calibrations.
A second longitudinal ai r-bearing surface guides the moving element , permitt ing
it to vibrate at amplitudes of at least 2.5 cm peak-to-peak. Elastic supports are
used to apply a slight torsional moment against the second air bearing to
eliminate torsional motion. The elastic supports also position the armature drive
coil properl y in the magnetic field. A servo accelerometer is built into the arma-
ture and serves as the calibration reference standard .

Some accelerometers and velocity pickups contain magnetic part s and are
adversely affected by magnetic fields. This is especially noticeable when low-
frequency calibrations are done because of the requirement to vibrate at large
displacement amplitudes in order to maintain adequate signal-to-noise ratio in
the outputs. At large displacement amp litudes the transducers move through a
nonuniform stray magnetic field emanating from the magnetic structure of the
shaker. This produces , at the ope rating frequency, an error signal that  is either
in or out of phase with the vibration output.  Whether this error is present may
be determined by repeating the low-frequen cy calibrations when the transducer
is attached to an extension rod several inches in length. The transducer is
vibrated several inches further away from the magnet stru cture at a point where 
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Fig. 4-3. Calibrat ion shaker with provis ion for calibrating ac-
celero meters at frequencies below 10 lIz (National Bureau of
Standards )

the stray magnetic field is much lower. Care must be taken that the motion
remains sinusoidal with the extension in place.

4.2 Piezoelectric Shakers

Piezoeketr ic shakers are built for those pr imary standards laboratories per-
t orming in ter feron i e t r ic  calibrations at hig h frequencies. Piezoelectri c shakers

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -4
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Fi g. 4-4. Constructio n of a piezoelectj-j c shake r ( 27 )

consist of combinations of da mm mpe d  resonance cylindrica l elements. They arebuilt so that multip le resonances are present , to provide sinusoidal motion overthe designed frequency range . These shakers are used mainly at selected fre-quencies as high as 100 k I-lz. howeve r , most inter fer onietr i c calibrations arep”rforme d at frequencies below about 10 k I-lz ,
The desi gn of a piezoelectri c shaker is i l lustrate d in Fi g. 4-4. This shaker
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SLEEVE BEARINGS

Fig . 4-5. A mechanical shaker for measuring transve rse sensitivity of
accelerometers

— consists of alumina elements , piezoelectric disks , and tungsten carbide elements ,
separated by thin layers of butyl rubber. The shaker in the figure has several
damped resonances between about 10 and 50 kHz.

4.3 Mechanical Shakers

The use of mechanical shakers should be limited to transverse motion calibra-
tions. Mechanical shakers inherentl y produce sinusoidal motion with significant
acceleration waveform distortion. However , in such specialized calibrations
(such as measuring the transverse sensitivities of accelerometers) the effects ol
this distortion are insi gnificant. The reason for using mechanical shakers is thei l
simplicity in operation and freedom from transverse motion at the low frequencies
at which these calibrations are usually performed.

The shaker in Fi g. 4-5 uses a scotch-yoke mechanism to produce quasi.
sinusoidal motion. Virtually no transverse motion is produced because of the
lar ge displacement amplitude and because guides are used to prevent i t -  The
transverse sensitivity calibrations are performed by first attaching the acceler-
ometer to the shaker so tha t its sensitive axis is parallel to the shaker motion and
its output is recorded. The accelerometer is then remounted so that its sensitive
z~ .Is is perpen dicular to the shaker motion. The mechanism in the shaker permits
rotating the accelerometer about its sensitive axis through 360 degrees. The out-
put of the accelerometer is observed as it is rotated. The ratio of the maximum
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transverse output to the outp ut in the sensitive direction , multiplied by 100, Isthe transverse sensitivity.

_ _  ~. . -
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Chapter 5
PRIMARY SHOCK AND VIBRATION STANDARDS

A primary standard is one that is calibrated by an absolute method. The
accuracy of a primary standard is determined by two factors . The firs t is the
uncert ainty of the measurements made while performing the absolute calibra-
tion on the primary standard . Second are the performance characteristics of the
primary standard and their influence on the calibration results , which mus t be
determined quantitatively.

The absolute calibration methods for shock and vibration standards are
reciprocity, interferometry , direct-viewing optical , and centrifuge calibration , as
well as calibration in the earth’s gravitational field. The reciprocity method is
used extensively in primary standards laboratories. Its most important advantage s
include high accuracy and broad frequency range . The princi pal advantages of
interferometric calibration is its usefulness at very high frequencies (up to at
least 10 000 Hz). Calibration in the earth ’s gravitational field is very useful for
calibrating accelerometers having zero frequency response . The measurements
made in performing these absolute calibrations are carefully evaluated so that
calibration errors can be identified and recorded.

5.1 Description and Performance Characteristics

Piezoelectric accelerometers and electrodynamic velocity pickups are used as
primary standards. The piezoelectric accelerometer has the advantage that it can
be used as both a vibration and shock motion standard. It is designed to be used
as a standard and to have nearly constant sensitivity over the frequency and
amplitude ranges within which calibrations are performed. The electrodynami c
velocity standard has a limited frequency range .

Piezoelectric Accelerometer Standard s

A piezoelectric accelerometer standard is illustrated in Fig. 5 - I .  This acceler-
ometer has an integral mounting stud that is electrically insulated from the case.
The connector on the side of the accelerometer is also electrically insulated from
the case , but it has a knurled groundin g nut that is screwed in or out from the
case to ground or insulate the accelerometer output. A seismic accelerometer is
built inside the case , as close as possible to the top mounting surface. The mass
element and piezoelectric cryssals are designed for a very high resonance fre-
quency. The top mounting surface has a threaded hole to accept threaded
adaptors that accommodate the thread sizes used in mounting most acceler-
ometers . It is most important to mount these accelerometers flush with the top

89
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Fig . 5.1. A piezoelectric accelerometer standard
(Endevco)

mounting surface of the standard ; this minimizes calibration erro rs at high
frequencies. Fixtures that separate the mounting surface of any test acceler-
ometer from that of the accelerometer standard should be avoided.

The performance characteristics of a piezoelectric shock and vibration stand-
ard are listed in Table 5-I . These performance characteristics are established by
rigorous evaluation tests.

Sensitivity. The value of 0.5% fot the error and stability of the sensitivity is
obtained by performing numerous reciprocity calibrations and carefully an alyzing
the various error sources. The mass effect on the sensitivity is 0.2% when 100 g
is attached to the mounting surface. In other words, the piezoelectric acceler-
ometer standard is deformed minutely by mechanical stresses , due to mounting
torque and inertial forces created by the test accelerometer. Acutally, the errors
due to this effect are much less than 0.2% because the mass of most acceler-
ometers is less than 100 g.

Frequency Response and Relative Motion. The frequency response of the
accelerometer standard is determined by performing comparison calibrations
using an accelerometer previously calibrated at the National Bureau of Standards.
The comparison is made by attaching this accelerometer to the mounting surface
of the standard and measuring the ratio of their outputs at frequencies from 5
to 10 000 Hz. Typical results for this comparison calibration are given in Fig.
5.2. The sensitivity of this accelerometer standard is constant at frequencies up
to 2000 Hz. The sensitivity gradually increases to about 2% at 10 000 Hz. This
sensitivity of I .02 mV/g Is applicable for test accelerometers having a mass of
20 g, the mass of the National Bureau of Standards calibrated accelerometer
used in this comparison calibration.

The sensitivities applicable at high frequencies for test accelerometers having
various masses are determined by performing additional comparison calibrations .
These calibrations are performed using several accelerometers , of known frequency

~liIrIIIl_. ~~~~~~~~~~~~~~ - 
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Table 5- I . Shock and Vibration Standard , Endevco Model 2270

Performance Characteristic Specification

Sensitivity Erro r ±0.5%

Sensitivity Stability at 100 Hz ±0.5%/year

Mass Effect on Sensitivity at 100 Hz ±0.2%/ l 00 g

Frequency Response and Relative Motion
Sensitivity Change , 5-5000 Hz with
up to 100 g Attached Mass

Sensitivity Change , 5-10 000 Hz with
up to 50 g Attached Mass

Amplitude Linearity Sensitivity Change ±0.1%! 1000 g

Transverse Sensitivity 3%, maximum

Temperature Response Charge
Sensitivity +0.3%/10°C

Strain Sensitivity 0.001 g/microstrain

*Estjmat ed maximum error of correction made from curves showing that the nominal
response is ± 1%.

Source : Ref. 28.

‘ RECIPROCITY
• COMPARISON11

~:L H
(~‘ 1 10 100 1,000 10,000

FREQUENCY, 14z

Fig. 5-2. Calibration of accelerometer standard against an
accelerometer calibrated by the National Bureau of Standards
[29 1

_____
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I I I! I 
_2 10 100 1,000 10,000

FREQUENCY , Hz

Fig. 5-3. Calibration of a standard accelerometer with accelerometers having various
masses [30j

response characteristics and with masses ranging up to 100 g. The frequency
responses of these accelerometers can be established from resonance frequency
calibrations. Howe ver , it is preferab le to have each of the accelerometers pre-
viously calibrated up to 10 000 Hz by either comparison or absolute method s
traceable to the National Bureau of Standards. The results of these calibrations
(Fig. 5-3) determine the change in sensitivity of the accelerometer standar d at
high frequencies.

The correction factor is + 2% for a test accelerometer weighing I Sg and — 2%
for one having a mass of 50 g. In other words , the acceleration sensitivity of a
standard must be changed by this amount when comparison calibrations are
performe d on test accelerometers having masses corresponding to those listed in
Fig. 5-3. These changes in sensitivity at high frequencies are caused by relative
motion. (That is, the motion of the mounting surface is changed as a function of
the mass attached to it.) It follows that the sensitivity of the accelerometer
standard is the ratio of its electrical output to the acceleration motion at the
mounting surface . Since this motion changes at high frequencies depending upon
the attached mass , sensitivity also changes at high frequencies. It is customary to
apply these correction factors when making comparison cali b rations on various
accelerometers. As indicated in Table 5-I , these correction factors are made with
an uncert ainty o f± I%.

Amplitude Linearity . It is known that the sensitivity of a piezoelectric
accelerometer increases linearly with applied acceleration. For useful accuracy
in shock motion standards , this sensitivity increase should not exceed a few per-
cent at the highest acceleration of intended use . It would be even better if the
sensitivity increases were as small as 1% throughout the rated acceleration range .
It is difficult to prove experimentally that the sensitivity incre ase is only 1% at
high accelerations up to 10 000 g, because shock motion calibration errors can
be as large as 5%. Accordingly, to pro ve that the amplitude linearity deviations
of a shock standard are less than 1% , it is necessary to perform calibrations on
the standard at accelerations five times the mdx lmur: I acceleration of int ended
use . For examp le , a shock calibration with em1s up to 5% performed at 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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accelerations up to 50 000 g is adequate for confidence in the linearity of the
standard for use at accelerations up to 10 000 g. Similarly, shock calibrations
performed on standard s up to 10 000 g provide confidence of adequate linearity
in the standard at accelerations up to onl y 2000g.

Calibrations at accelerations up to the equivalent of 50 000 g are performed
by building a special accelerometer standard with an extra heavy mass element.
By this means the same mechanical stress is applied to the crystals at low
accelerations as would be present at high accelerations if a light mass element
were used. For examp le , if the ratio of the heavy mass to light mass is 10 , the
equivalent acceleration will be 25 000 g if 2500 g is applied. If the mass element
ratio 20, the equivalent acceleration-would be 50 000 g, and so on. Performing
compa rison calibrations in this way determines the accelerometer standard
sensitivity applicable at various amplitudes throug hout the range of intended
use .

The results of these comparison shock motion calibrations are shown in Fig.
5-4. Each point in the figure is obtained from an oscillogram from which the
ratio of the output of the heavy mass element to that of the light mass element
is measured. All the data points are used in a least-squares computation to
determine the plotted line describing the amplitude linearity . The sensitivity
increase is 5% at 50 000 g. 1% at tO 000 g, and 0.1% at 1000 g. Accordingly,
correction factors of plus 0.5% are included when this standard is used to
make comparison shock motion calibrations at 5 000 g, and 1% corrections are
made at 10 000g.

Transverse Sensitivity. The maximum transverse sensitivity of the acceler-
ometer standard in Table 5-1 is ± 3%. This value is very acceptable because the
transverse motion of good-quality calibration shakers is small. Errors due to the
transverse sensitivity of the standard are negligible if reasonable care is used in
selection and use of calibration shakers.

6 0 — —

00

I _
20,000 40,000 60.000 80,000

EQUIVALENT ACCELERAT ION, g

Fig. 5-4. Shock motion calibration of an accelerometer standard to establish
amplitude linearity 128 1
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Temperature Response. Sensitivity calibrations are performe d while the
accelerometer standard is vibrated in a temperature chamber. These tempera-
ture response acceleration sensitivity calibrations are performe d over the tempera-
tures in the range fro m about 20°-30°C. However , if the standard is to be
used for temperature response calibrations on other accelerometers it is impor-
tant to calibrate the standard at both the high and low temperatures of intended
use . The charge acceleration sensitivity of the standard in Table 5-1 increases
0.3% per 10°C. It is unnecessary to correct for the small temperature changes
that occur in the calibration laboratory .

Strain Sensitivity. The strain sensitivity of the accelerometer standard is
determined on a beam that applies known bending stresses to the mounting
surface that is normally attached to calibration shakers . The maximum strain
sensitivity of the standard in Table 5-1 is 0.001 g per microstrain. This indicates
that the design of the standard provides good isolation from bending stresses.
These stresses would be applied to the standard if the shaker used for calibra-
tions had resonances that produce d transverse motion within the operating
frequency range.

Electrodynamic Velocity Standards

The electrodynamic standard consists of the velocity sensing coil and
permanent magnet illustrated in Fig. 5-5. This standard is part of an electro-
dynamic shaker. The velocity sensing coil, driving coil, and mounting table are
attached to a hollow shaft to form the moving parts of the shaker , which are
suspended with the leaf springs . A constant magnetic field is developed around
the driving coil as a result of supplying direct current to the field magnetic coil.
Alternating current is supplied to the drivin g coil to cre ate a sinusoidally varying
magnetic field , which interacts with the constant magnetic field to procuce
sinusoidal vibration along the axis of symmetry of the moving parts . The electro-
dynamic standard is limited in use to frequencies at which there is negligible
transverse motion and acceleration waveform distortion caused by resonances in
the moving parts and leaf springs . This good motion is achieved at only a limited
number of frequencies in the operating range. As a result , electrodynamic velocity
standards are rarely used. However , it is instructive to examine their performance
in detail in order to become familiar with the absolute reciprocity method.

LEAF SPRING - ..~~ LEAF SPRING

~ r—- DRIVING COIL
MOUNTING TABLE 1—

~~~J I

VELOCffY ~~~NS~~G C ~~L FIELD MAGNET COIL

Fig . 5-5 . Construction of a velocity standard 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - -



PRIMARY SHOCK AND VIBRATION STANDARDS 95

5.2 Reciprocity Calibrations

The reciprocity calibration is an absolute method for determining the sensitiv-
ity of a primary shock and vibration standard . The method requires the use of a
reciprocal transducer. A reciprocal transducer is one that is capable of generating
motion as a result of electrical excitation , producing an electrical output as a
result of being subjected to mechanical shock or vibration. Piezoelectric acceler-
omete rs and electrodynamic velocity transducers are reciprocal transducers.

Acceleromete rs are designed to produce large electrical outputs when used to
measure shock and vibration. Conversely, they do not produce very large motions
when subjected to electrical excitation. Accord ingly, it is desirable to use
anothe r transducer in the reciprocity calibration. It happens that the driving coil
of the electrodynamic shaker is suitably designed to act as a reciprocal trans-
ducer. It is used both to produce vibration and to measure it during separate
parts of the reciprocity calibration procedure .

Electrodynamic Standard Calibration

The equations that relate the mechanical and electrical quantities of an d cc-
trodynamic primary standard operating within its linear range are (31 , 32]

V~ = CF~ + AL lEd (5-1)

= - AL 2FC + BL I Ed (5-2)

E~ = !IF ~ + NL1 Ed (5-3)

where V~ and F~ are , respectively, the velocity and force at the mounting table ;

‘d t~nd Ed are , respectively, the current and applied voltage in the driving coil ;
and E~ is the voltage generated in the velocity sensing coil . The constants L 1 =

2.249 X 10~ and L2 = 2.540 X 10 8 , are multiplying facto rs used when inches,
pounds, seconds , amperes , and volts are used for the dim ensions of the other
quantities.* The constants A, B, C, H , and N depend on the construction of the
standard. All the above symbols except L 1 and L2 represent complex numbers
in the manner commonly used in alternating current electrical theory.

The reciprocity relation for this combined electromechanical system is

Ed
L lId V~ °0 

— - L2 V~ ‘d °

*These equations were originally developed using English units of inches and pounds
for length and mass, respectively. These units are retained in this theoretical discussion and
in the data obtained from measurements made at that time.

- ~~~~ - — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~. ,~~~ -
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This relation is determined by evaluating Eq. (5 -1) when V, = 0 and Eq (5-2)
when ‘d = 0 and solving the two pairs of equations simultaneously.

To develop the equations that make possible calibration of the electrodynami c
vibration standard , we define calibration factor F of the standard as F L / V ,,
the ratio of the voltage in the velocity sensing coil to the velocity at the mount-
ing table. If an object with mechanical impedance Z is attached to the table in
such a way that F1 is its only reaction, then

F1 = - V,~Z lb f (N) . (5-4)

Substituting Eq. (5-4) into Eqs. ( 5 - 1 )  and (5-3) and combining the results by
eliminating Ed, we obtain

F a + bZ V/ in./s ( V/ mI s) , (5-5)

where a and b are combinations of the above-mentioned constants.
The relationship for the transfer admittance id /ES between the coils is ob-

tained by substituting Eq. (5-4) into Eq. (5 -1)  and then substituting the result
into Eqs. (5-2) and (5-3). Thus ,

B + (BC+4 2L2)Z
- 

N + (NC-AH)Z 
(5 - 6)

Now consider attaching on the mounting table weights of known acceleration
impedance Za = jw m = jw Wig where m is the mass in kilograms, W is the
weight in pounds , o.t is the circular frequency in radians per second , / is the
unit imaginary vector , and g is the acceleration of gravity (386 in ,/sm ; 9.80 m/s2 )
From Eq. (5-6) we can form the relationship

‘d 

W 
= J + QW , (5- 7)

E5 E5 ~

where Id/ES I~ 
and Id/ES 0 are the values , respective ly, of the transfer admittance

at a given frequency with a weight of W pounds attached to the mounting table ,
and with no weight attached.J and Q are combinations of /, ~~~, g, and the above-
mentioned constants. Note that if the transfer admittance is measured with at
least two known weights attached to the table and with no weight attached ,
intercept J and slope Q of Eq. (5-7) can be determined.

An expression for the voltage ratio ,

-. .- —. -- - ----- --~~----- .- - ~~~~~~~~~~~~~~~~~~~ ~~...
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F1
R = 

L~ ~
‘d - 0,

is obtained by ki t ing ‘d = 0 in Eq. (5-2) and substituting the result into Eq.
(5-3), so that

-HBL 1 + ANL 1 L 2
= 

E~ !~, = 0 
= 

AL 2 
(5-8)

Having formed these relationships , we can show by considering the relation-
shi p of all the constants that , in Eq. (5.5),

/ E5a 0 . O I 7I I VJ WJ —
Ed id =O

/1 F5
b = 6.60 1 QlJ—-—— . (5-9)

r )w J Ed ‘d °

Thus we can determine the calibration factor of the electrodynamic standard
at the frequencies w desired by measuring (a) voltage ratio R and (b) transfer
admittance G with a series of weights on the mounting table , and also with no
weight on the table , to establish J and Q.

Voltage Ratio Measurement. Voltage ratio ES/Ed when ‘d = 0 is measured
by driving the standard with a second vibration exciter through a mechanical
connector. The magnitude of the voltage ratio is measured by using a voltage
dividing circuit and a high-impedance voltmeter. The accuracy of the meas-
urements depends only on how accurately the impedance values of the com-
ponents in the circuit are known and on the repeatab ility of the voltmeter
reading. The phase angle of the voltage ratio is measured with a phase angle
meter or computed from a polygon of voltages. The polygon is constructed from
voltage readings taken with a simple circuit connected across the driving coil.
Determination of the phase angle depends on the accuracy of the voltmeter. The
electrical impedance of the components of the circuits is such that at all fre-
quencies the driving coil is effectively open-circuited. In making the voltage ratio
measurements , care is taken to avoid frequencies at which transverse motion is
present.

The results of the voltage ratio measurements (ES/Ed when 1d = 0) on an
electrodynamic standard are shown in Fig. 5-6. The first axi al resonance occuis
at approximately 1 500 Hz. Above this frequency the driving coil and the velo city
sensing coil move in opposite directions. There is another resonance near 4500
Hz , where another phase shift occurs. It is difficult to perform an accurate

L _ _ _ _ _ _ _ _ _ _  __ 
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Fig. 5- 6. Vatiation in the magnetic and phase angle of voltage
ratio

calibration near resonance frequency because significant changes in the voltage
ratio result fro m small changes in frequency and the large amplitude of the
driver coil may exceed its linear range.

The effect of temperature on the voltage ratio is also particularly significant
near resonance because of its effect on elastic constants and the tightness of
joints. At frequencies considerably below the fIrs t axial resonance , the effect of
temperature on the electromechanical characteristics of the standard are small.

Transfer Admittance Measurement. Transfer admittance measurements are
made by putting a known resistor in series with the driving coil. The magnitude
and phase of the transfer admittance is measured by connecting the circuits used
for the voltage ratio measurements across this resistor.

The transfer admittance is measured with a sequence of weights attached to
the mounting table at each frequency at which the voltage ratio is measured,
but frequencies near the resonance are avoided. Care is taken to make transfer
admittance and voltage ratio measurements at the same temperature . Transfer
admittance values are separated into their real and imaginary parts, and the
computation

W 
- _ _ _

‘d ‘a 
— 

~
‘ew~~~~

’eo

ES W  F5 0

L - - -
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Fig. 5-7. Plot of transfer admittance as a function of mass
at (a) 900 Hz and (b) 5000 Hz

is perfo rmed. Typical results of these values at frequencies of 900 and 5000 Hz
are plotted in Fig. 5-7 . The data are fitted by a weighted-least-squares procedure
to a straight line.

Weighted-Least-Squares Procedure . To determine intercept J and slope Q of
Eq. (5-7), it is necessary to measure transfer admittance with at least two
known weights W,~ attached to the mounting table and with no weight
attached. These measurements must be made at each frequency where J and Q
are desired. Plots of the real and imaginary parts of W~/(Y~0 — 

~
‘eo ) yield the

~~~~ ~~~~~ -- ~~~~~~—--  — -— -
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real and imaginary part s o f f  and Q. If more than two weights are used and the
corresponding additional transfer admittances are measured , J and C) will be
more accuratel y determined. Usually several weights (5 to 10, depending on the
frequency) are used. Weights W,~ are selected so that W,~ = n (~~k~ and ~~W =
W,~ — W,~..1, where n 1 , 2 , 3 and W,~~1, for n = I implies no weight. We
have in general

~~ ( ~‘en r — 1”e or )
= .1, + ~~~~ (5-10)

(
~
‘enr ‘

~
‘eor ) 2 + (‘

~
‘enj ~

‘eoi)
2

and
Wn (Yeni — 

~
‘eoj )

= - - ( 5 - I l )
(
~
‘enr — 

~
‘
eor )

2 + (1’enj —

where the additional subscri pts r and i respectively refer to the real and imaginary
parts of these quantities. Except near certain resonances , (

~
‘eni ~

‘eoi) >>
— 1’eor ) Consider the approximate value

Wn
(5- 12)

(‘ enj ‘eoi)

on th~ left side of Eq. (5- 1 1). Let 
~eflj and 

~ eo, be the experimental errors that
occur during the measurement of 

~‘eni and 
~ eoj respectivel y. Then , assuming

negligible experimental error in W0, the left side of Eq. (5- 1 1), i.e., Eq. (5- 12),
becomes

U’,1 U’0 f ~~0j - ~eoi \
(
~
‘enj - )‘~~~) + (

~enj - ôeoj ) 
= 

(
~
‘ent - ~

‘eoi) ~ 
- 

~
‘eni - Y~01)’ 

(5-13)

if other than first-order terms are neglected in the expansion of the small error
quantities. Experiments show that (

~ enj — 
~
‘eoi) n(~ Y~1), where ~ Y~,1 is the

change in the imaginary part of the transfer admittance due to the addition of
weight i~ W to the mounting table. If this approximation is applied to the error
terms , Eq (5-13) becomes

wn 
- 

WiT 11 z~ W
(
~
‘enj — 1’~eoi) + (‘~e,zj ~eoi) 

— 

(
~
‘eni — 

~
‘eoi) Ln (~~)~ei)

2 (‘~eni ‘5 eot )

(5-14)

~
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The quantity in brackets is the error that results in the left side of Eq. (5-1 1) due
to the experimental erro r (‘5 eni — &eoi) of the transfer admittance measurements.
Now, if (‘5

~~ 
8eoi) is assumed to be nearly constant for all values of a, Eq.

(5-14) shows that the erro r is proportional to 1/ n . For example , the error in the
left side of Eq. (5-11) for n = lOis 1/10 that for a = 1. Likewise it can be shown
that the errors for the real parts of the transfer admittances , the left side of Eq.
(5-10), behave in the same manner.

Let y0,. represent the left side of Eq. (5-10). Then the equatio ns for the usual
least-squares procedure are

= - (Q~W 1 +J,)

Y2~ - (Q,w2 +J ,)

= Ynr - (Q,M’~ ~~~~

However, in our case the residuals or erro rs are proportional to 1/n . To pro-
perly adjust our least-squares procedure for the best fit of the data , the procedure
should be modified as follows:

r 1 = Y1, - (QrW1 +J,)

2r2 = 2y2,. — 2(Q,W2 ~~ r )

nr0 = ny,~, - ~(QrWn +1,). 
-

Squaring these equations and summing the results , we find that the sum of the
squares of the residuals is least when

J,E n 2 + Q,~~ n
2W~ =

~r ~ ~ 2 W~ + Qr ~ pZ2 W0
2 = ~ n

2 W0y,11..

For W,~ 0.2 , 0.4 , . . .  , 2.O lb , the real parts ofland Q are

= 0.04204O9807In2y~, - 0.025 100 4 0 l 6 2 n 2 Wnynr (5-15)

and

Qr = - 0.025 10040 1 6~~n
2y~, + 0.0l5972 9 8 2 8 Z n 2 W~y0,. (5-1 6)
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Similarly, for the same set of weights , the imaginary parts off and Q are

= - 0Q42 040 890 7~~n 2y~1 4- 0.025 100 40 1 6~~n
2W~y0, (5-17)

and

C)1 = O.O25 lO0 40l 6~~ n5y01 - 0.015972 982 8~~ n 2 W0y~,, (5-18)

where y ,11 represents the left side of Eq. (5-i 1).
The ordinate intercepts J and the slopes Q are determined with the above

equations. The values off  and C) are substituted , together with the voltage ratio
measurements at their respective frequencies, into Eq. (5-9) and the values of
a and b are computed.

Calibra tion Results. Substituting the values of a and b into Eq. (5- 5)  gives
at each of the calibration frequencies an expression for the calibration factor of
the electrodynami c standard as a function of the mass of any vibration pickup
that is attached to the mounting table. To illustrate the effect of a transducer
on calibration factor F, the factors have been computed for transduce rs having
masses of 0, 03, and 1.0 lb (0.45 kg). These factors are shown in Fig. 5-8 . The
calibration factors are constant to within 1% at frequencies up to 900 Hz. Also,
fo r this particular electrodynami c vibration standard , the effect of transducer
mass up to 1 lb (0.45 kg) is negligible at frequencies up to 900 Hz. Above 900
Hz this effect becomes significant , being greatest at 5000 Hz. l’his is due to
relative motion between the velocity sensing coil and the mounting table.

Piezoetectnc Standard Calibcat~ou
— Piezoelectric accelerometer standards have the advantage of broad frequency

range . The acceleration sensitivity of such a standard is usually constant through-
out the range from about 10 to almost 5000 Hz. The small variations in sensitiv-
ity at higher frequencies (up to 10 000 Hz) are determined by comparision
calibrations traceable to the National Bureau of Standards. The accuracy of the
primary standard is enhanced )‘y performing the absolute reciprocity calibration
at a low frequency in the range at which sensitivity is constant. The particWar
frequency selected will depend on the characteristics of the electrodynamic
shaker selected.

It is important to recognize that there is no relative motion in the standard
throughout the frequency range in which the sensitivity is constant. This is
confirme d by the fact that slope Q in the plots of transfer admittance vs mass
tends to zero , and Eq. (5.9) indicates that term b in Eq. (5-5) may be ignored.
These particular equations apply only for veloicty standards. Making them
applicable to acceleration standard s requires merely dividing the right side of
Eq. (5-9) by the circular frequency, joi /2irf. According ly, the sensitivity of
an accelerometer standard calibrated by the reciprocity method becomes (29J

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 5-8. Variation in magnitude and phase angle of the calibra-
tion factor of an electrodynamic standard , as computed for various
transducer masses

S5 = 2635~/Th7)7 (5- 19)

where

S~ = sensitivity (mV/g) of the piezoelectric accelerometer standard
/ = transfer admittance intercept (the intercept of a plot of weight vs

transfer admittance ratio , in lbrn/mho where transfer admittance ratio
G is driver-coil current /p iezoelectr ic-accelerometer voltage output , and
weight refers to the 10 valves (0. 1-I ibm) used for the calibration here
described)

R = voltage ration (voltage output of the piezoelectric accelerometer stand-
ard divided by the voltage output of the driver coil when the shaker
is driven by a second driver coil and the first driver coil is open-circuit)

— / = ~j : the 90-degree vector
f  the frequency in hertz at which the voltage ratio is measured

The transfer admittance intercept is given by

J = 0.042 04 ~ ~
2 i’,,, - 0.050 2 ~ n

2 W,~ ~
‘flr~ 

(5-20)

In Eq. (5-20),

n = intege rs from I to 10 corresponding to the number of weight incre-
ment W0 (see Table 5-2)

W0 weight , in ibm (N), increments of 0.1 Ibm , from 0.1 to 1.0 Ibm in this
calibration see Table 5-2).

- =-_ —
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Table 5-2 . Transfe r Admittance Measurements on Piezoelectric
Standard PX-SP46 Serial Number 10

~ 
1 G0 Y0,

__~~ 

(Ib) (A/V) (lb-V/A)

— 0.0 24.84 —

.1 31.55 0.01492

2 .2 38.17 .01500

3 .3 44.74 .015 08

4 .4 51.55 014 98

5 .5 58.14 £11502

6 .6 64.72 .015 05

7 .7 71.17 .015 11

8 .8 78.03 .01504

9 .9 84.64 .01505

10 1.0 91.32 .01504

— .0 24.84 —

Source: Ref. 29.

The term in Eq. (5-20) is computed as follows:

Y0,. = W0 / (G0 — G 0 ), (5-21)

where

G0 = the transfer admittance ratio , as defined for Eq. (5-19) -

= the transfer admittance ratio with no weight attached to the shaker.

Use of these equations is further simplified by examining the phase angle of
the measurement quantities. It is hel pful to operate the shaker selected for the

— —~~~~——---- ——-_—
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reciprocity calibration at a frequency far below the axial resonance of the
movin g element. This assumes that the moving element acts as a rigi d bod y and
that there is no relative motion between the reciprocal velocity coil in the
shaker and the acceleration standard , It is also concluded , from Newton ’s second
law of motion , that the acceleration motion of the piezoeleclric standard is in
phase with the force exerted by the table , and therefore , tbat the phase ang le
between the acceleration motion of the reciprocal coil and piezoelectric stand-
ard is 0 degrees.

For sinusoid al motion , the phase angle of velocity is 90 degrees relative to the
acceleration. Accord ingly, the phase angle of the voltage ratio is 90 degrees and
cancels the 90-degree vector / in Eq. (5-19). Furthermore , it is known that the
phase angle between the driver coil current and the output of the piezoelectric
accelerometer standard is 0 degrees. This follows from a similar consideration
of Newton ’s second law of motion and the fact that the force generated in the
coil is proportional to the current. This physical interpretation of the piezo-
electric standard and electrodynamic shaker characteristics is justified as long
as care is taken to perfo rm the reciprocity calibration at a low frequency. This
analysis eliminates the necessity of measuring phase angle during the reciprocity
calibration procedure and thereby eliminates errors that would be present in
phase angle measurements.

Reciprocity Calibration Procedure. A shaker selected for the reciprocity
calibration of piezoelectric accelerometer standards is illustrated in Fig. 5-9.
The moving element of the shake r is equipped with two driving coils, one (coil
no. 1) of which is used as the reciprocal transducer. Coil no. 2 , near the center
of the shake r , is used merely to produce sinusoidal motion , while the first coil
is used as velocity transducer during the voltage ratio measurement of the
calibration procedure . The axial resonance frequency of the moving element of
this shaker is more than ten times the reciprocity calibration frequency. The
frequency selected for performing reciprocity calibration is 100 Hz , which is
far below axial resonance and assures that there is no relative motion between
the reciprocal coil and the accelerometer standard.

The calibration procedure is summarized in the following steps:
I .  Calibrate 10 weights in equal increments ofO. l  16 from 0.1 to 1.0 16 on a

scale balance .
2. Determine transfe r admittance ratio G with each weight and with no

weight attached to the shaker. This requires measuring the driver coil current
and piezoelectric accelerometer voltage output at each step, since these quantities
form this ratio.

3. Sum the transfe r admittance measurements as indicated by Eqs. (5-20)
and (5-2 1), and calculate f.

4. Measure the voltage ratio R (the piezoelectric standard output divided by
the open-circuit drive r coil output when the shaker is drive n by a second driver
coil or shaker). 

-
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Fig. 5-9. Setup for transfer admittance measurement

5. Use an electronic counter to measure the frequency at which step 4 is
performed.

6. Using the values of J. R , and f  from steps 3, 4 , and 5 respectively, com-
pute from Eq. (5- 19) the sensitivity of the piezoelectr ic accelerometer standard .

Transfer Admittance Measurement. A sample calibration that follows the
above procedure will be described. First to be discussed will be the transfer ad-
mittance measurements , the block diagram for which is illustrated in Fig. 5-10.
Although two driver coils are permanently built into the shaker , only the
reciprocal drive r (coil no. 1) is used for the transfe r admittance measurements.

The shake r is free of excessive transverse motion and has a sinusoidal motion
whose distortion is less than 1%. Also , the driver coil current ‘d and the standard
accelerometer outputs L’~, have a phase ang le of 0 degrees as verified by the
oscilloscope . All of these shaker characteristics are present throughout an
appreciable fre quency ran ge , including the calibration frequency.

Each of the ten weights is attached to the shaker for measurements of trans-
fer admittance (G0), which is defined as

= l/D~ = 
~~ 

(5.22) 
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COIL NO I DIVIDER

RESISTOR AM~ LI~ IER OSCIL~~TOR

Fig. 5-10. Equipment for transfer admittance measurements

[ DRIVER L] VOLTA~~1[COIL NO. DIVIDER

~~~~~~~~~ 2j_ I~~~~ER] IOSCILLATORf___u
~~ j ,~?~ C1

Fig. 5-11. Equipment for voltage ratio measurement (29 1

where D~ is the divider setting that exactl y equates divider voltage output to
the output from the piezoelectric standard . The voltage divider and resistor ,
1 -~~~ precision type , should be noninductive and of a quality commonly found in
standards laboratories.

Table 5-2 lists the values of G0 and the corresponding values of Y~, computed
for a typical reciprocity calibration. When the products of n 2 Y01. and fl2 W~ Ynr
are summed and substituted in Eq. (5-20), / is computed to be 0.015 03 lb-V/A
for the measurements listed in Table 5-2.

Voltage Ratio Measurement. Figure 5-1 1 illustrates the block diagram for this
measurement. The setup is the same as for Fig. 5-10 except that the masses are

- 
V .  
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removed and the second driver coil is used to excite the shaker. The oscilloscope
or a ph ase angle meter is used to indicate that the phase angle of the voltage
ratio is 90 degrees , and the electronic counte r me asures the frequency at which
the voltage ratio is tak en.  As before , an adj ustment is made of the voltage divider
output until it equals th at of the pieioelectric standard . Voltage ratio R , then , is

R = Dr

where Dr is the setting on the voltage divider. As an example , the value of R was
0.047 9 V/V at 50 Hz on PX-SP46 piezoelectri c standard serial no. 10.

Equation (5-19) is used in the computation , with the values off . R . and fob-
ta m ed above ; this results in a sensitivity of 10.00 mV/g for piezoelectr ic acceler-
ometer standard no. 10. Close agreement with this value is shown by a previous
calibration at the National Bureau of Standards. The latter calibration , an
average of 38 points from 10 to 4000 Hz , established a sensitivity of 10.02
mV/g with 0.5% standard deviation.

Reciprocity Calibration Accuracy. The calibration results described above are
included in Table 3-5 , which also includes results obtained on other vibration
standards calibrated by the reciprocity method. All the standards were adjusted
so that their sensitiv ities were multip les of 10 for simplicity of use. All are
piezoelectri c standard s except for the first row , which covers the electrod ynamic
standard . In the las t column of the table the standard deviation is expressed as
a percentage of the average sensitivit y of all the calibrations performed on each
standard .

The piezoelectric acceleretneters used in these calibrations are specially
designed to have a minimum of calibration errors due to temperature , strain , and
other environmental factors. For these accelerometers , the sensitivity was ad-
justed prior to the first calibration in Table 5-3 by inserting capacitance or ad-
justing the gain of the standard amplifier shown in Figs. 5-9 and 5-10. In the case
of the electrodynamic standard the prope r value of resistance was put in series
with the coil to obtain the desired sensitivity.

An error analysis of the reciprocity calibration method is given in Table 5-4 ,
where an estimate of the individual errors is listed for the various error sources
present. In addition to 100 Hz , the reci procity errors app ly to any frequency at
which the 0-degree admittance and 90-degree voltage ratio phase angles are
present. The square root of the sum of the individual errors squared is determined ,
to yield the final estimated error.

The 0.5% sensitivity error listed in Table 5-4 agrees closel y with the standard
deviations for piezoelectri c accelerometer standard s listed in Table 5-3. A similar
anal ysis for the electrodynamic velocity standard produces an estimated error of
0.3%, which is close to the standard deviat ion in Table 5-3.

In addition to performing the low-frequency reci procity calibration for the
piezoelectr ic accelerometer standards, it is necessary to obtain accelerometer
response at higher frequencies. This is done by a comparison calibration up

- -  
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Table 5-3. Summary of Reciprocity Calibration Results
on Primary Vibration Standards

Calibration Number of Standard
- . Average - -Standard History Reciproc ity - - . Deviation

• - Sensitivsty *
__________________ 

(years) Calibrations (%)

Electrodynamic t 3 10 99 .8 0.5
P6SP3I i~ 1 4 100.2 .4
P6SP3 I 2~ 1 2 99 .4 . 1
PIOSP46 3 6 tO 10.00 .3
P10SP464 6 8 9.97 .4
PIOSP3 I 5 6 8 100.8 - .8
P10SP46 10~ 3 3 10.0 1 .0
PlO SP46ll ’

~
’ 2 2 10.05 .0

PIOSP46 12 4 3 10.04 .3
Pl QSP46 l4~

’ 2 3 9 97  .2
2270NA09# 4 13 1001 .2
2270NA2 1~ 4 8 1000 .1
2270PA06 t 3 4 1003 .2

tUnit s per pC/g or mV/g for the etectrodynamic velocity standard the un its are applica-
ble at 50 Hz only.

tCalj brations have been discontinued , since these standards are no longer in use .
l Standaid no. 10 was also calibrates at N .B .S.; 10.02 mV/g was the average sensitivity

reported up to 4 kHz with a standard deviation of O.5’ .
§ Calibrated with a charge amplifier using the gain range of 1000 mV/g.
~Standard NAO9 was also calibrated from 10 Hz to 10 000 Hz at N .B. S. on the gain

range of 1 000 mV/g ; the average of all the calibrati on points was 100.4 MV/g with a stand-
ard deviation of 0.9%.

Source : Ref . 29.

to 10000 Hz with an accelerometer standard previously calibrated at the National
Bureau of Standards. The errors of this comparison calibration are included in
Table 5-4.

5.3 Interferometric Calibrations

Interferometry is used in some primary standards laboiatories for absolute
calibrations at high frequencies to supp lement reci procity calibrations. The
reciprocity calibration errors increase at high frequencies at which significant
relative motion is present. Accordingly, there is a choice between using reci-
procity or interferometry at frequencies in the range of about 2000 to 10 000 I-li.
Sometimes interferometnc calibrations are perfo rmed at hi gher frequencies ,
up to about 40 000 Hz.

_ _ _

~~~~~ 
_ _ _ _ _ _  
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Table 5-4. Analysis of Calibration Errors in Determining the Sensitivity of
the Endevco Model 2270 Accelerometer Standard at Various Frequencies

Reciprocity Calibration, 100 Hz Comparison Calibration , 5-10000 Hz

Error Error
Measurement (%) Measurement (%)

percent percent

Mass 0.5 Optical Calibration , 5 Hz 1.0

Transfer Admittance
Intercept 0.2* NBS Calibration , 10-900 Hz 1.0

Voltage Ratio 0.2* NBS Calibration , 900-
100 000 Hz 2.0

Distortion 0.1

Distortion 0.2

Frequency 0.05

Accelerometer Effects , Accelerometer Effects ,
Transverse Sensitivity, Transverse Sensitivity,
Strain , Tempe rature , etc. 0.2 Strain , etc. 0.2

Amplifier Effects , Fre-
quency Response , etc. 0.1

Amplifier Effects ,
Gain Stability Relative Motion , 900-
Source Capacitance , 10000 Hz 0.5
etc. 0.3 Voltage Ratio 0.2
Estimated Error , .

100 Hz Estimated Error , 5-900 Hz 1.1

Estimated Error , 900-
10 000 Hz

sAssume 0~ and 90° phase shifts for transfer admittance and voltage ratio measurements ,
respectively .

t Determined from the square root of the sum of the squares of the applicable individual
errors.

Source: Ref. 29.

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ --
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Fig. 5-12. Equipment formerly used for interferometr ic calibration
at the Nationa l Bureau of Standards

Figure 5-12 is a block diagram of an interferometer , shaker , and instruments
formerl y used at the Nation al Bureau of Standards. The interferometer is a
Fizeau type, wh ich reflec ts light using a mercury source. The light is reflected
from a small , plain , unsilvere d mirror attached immediately beside the acceler-
ometer base . The missox and accelerometer experience the same vibration amp li-
tude. A small-curvature planoconve x lens is mounted on a stationary frame
above the plain mirror. An image of the Newton ’s ring pattern is brought to
focus on a circular aperture in such a way that only light from the center spot is
allowed to fall on the photomultip lier. The signal from the photomultip lier is
sent through a narrow-band filter tuned to the shaker driving frequency before
being measured by a vacuum-tube voltmeter.

A vibration isolation system is used to decouple the interferometer from
building vibrations.

As the vibration amplitude is gradually increased from zero , the fringe pattern
disappears and a null indicates zeros of a Bessel function of the vibration ampli-
tude and the interferometer light wavelength. The photomultip lier current
becomes zero at these nulls , as illustrated in Fig. 5- 13. The light used is mercury
546 1 A. The firs t null corresponds to a vibration amplitude of 1045 A. The
photoelectronic null  detection used at the National Bureau of Standards per-
mitted determining this vibration amplitude with an uncertainty of 0.5%. The
calibration is completed by measuring the electrical output of the accelerometer
and the frequency from which the applied acceleration is computed. The total
calibration error would include errors present due to distortion in the sinusoidal
motion waveform and to measuring the voltage and fre quency.
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VIBRATION
AMPLITUDE
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10454 2399A 37604 51244

l- ig . 5 - 1 3 .  Photomult ip lier curr e nt versus vibration ainpli-
t ude sensed by an interfe rometer usin g 5461-A light , show-
ing charact eristic nulls

Several in te r fe r omet r i c  calibration setups arc used. Some laboratories use
lasers as a light source in the interferometer.

The instrumentation setup for interfe r ometr ic calibrations is usually quite
elaborate , and the calibration errors are somewhat larger than those obtainable
by the reciprocity method , particularly at lower frequencies.

5.4 Zero-Frequency Calibrations

T h e  ea rth ’s gravitational field provides a very accurate means for calibrating
accele rometers at zero frequency. This method is used with accelerometers
designed for measuring constant accelerations. Of course, vibration and shock
motion calibrations should also be performed on cacti accelerometer throughout
its operating frequency and amplitude range .

An indexing head used for zero-frequency calibrations is illustrated in Fig.
5-14. A good-quality level is used to adjust the head so that the sensitive axis
of the accelerometer attached to it is exactly parallel to the earth’s gravitational
field. The output of the accelerometer is measured with a d.c. voltmeter with the
accelerometer in this position. Ihe head is rotated exactly 180 degrees to change
the app lied acceleration from exactly plus I g to exactl y mi n us I g, and the out-
put of the accelerometer is again measured. The acceleration sensitivity is the
average of the two outputs. The estimated error in adjusting the tilting support
to I g is ±0.00 3 g. The total calibration error would also include the uncertainty
in measuring the voltage outputs of the accelerometer. 
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Chapter 6
SINUSOIDAL COMPARISO N CALIBRATIONS

The comparison method is used in most shock and vibrat ion calibration
laboratories. Absolute calibrations should be used only in establishing and main-
t aining p rimary standards; it is economical for the calibration laboratory to send
its vibration and shock standards to a priinasy standards laboratory yearly for
recalibration. These recalibrations can be used to establish a history of the
accuracy and quality of the standards. Variations in calibration results from year
to year should not exceed the calibration errors stated by the Primary Standards
Laboratory . Significantl y larger variations indicate that  the standard is of poor
quality or has been damaged.

6.1 Sensitivity and Frequency Response

Calibration Setup

The first step in performing accurate sensit ivity and frequency response cali-
brations is to obtain good -quality instruments or at least evaluate the perfo rm-
ance of those on hand. This precaution pertains particularly to accelerometer
standard and shaker. The accelerometer standard should have good performance
characterisitics, and the shaker should have good-quality motion throughout the
operating frequency range . Ti-ie shaker should not be used at frequencies at
which excessive transverse motion-or acceleration wave form distortion is present.

Generally , a simple setup makes it easy to perform accurate calibration.
Attention to the following laboratory procedures is important for obtaining
consistentl y accurate calibration results. Elaborate automatic systems , howeve r ,
may be used to minimize human errors , shorten training periods for operators
and aid in maintaining permanent records of calibrations.

A simple calibration setup is illustrated in Fig. 6-1. It includes a shaker and
accelerometer standard to which the test accelerometer standard is attached.
Charge amplifiers are used with both the standard and test accelerometers. The
voltage divider is connected~to the standard amplifier , since its output is made
larger than the output of tite test accelerometer by selecting the appropriate
gain ranges on both amplifiers. The voltage divider is a precision resistance dec-
ade inst rument that directly indicates the ratio of test to standard outputs with a
precision of four significant figures. This ratio is obtained with the electronic
voltmeter by alternating the switch to the up and down positions and adjusting
the voltage divider until the two readings are identical. A dual-beam oscilloscope
is used to monitor the waveforms from both accelerometers . This procedure is
repeated at selected frequencies by manually adjusting ~the audio oscillator.

When a standard accelerometer-amp lifier system with a sensitivity of 1000
mVfg, 100 mV/g, etc., is used , the decimal point of the test accelerometer

115 
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Fig . 6-1 . Typical setup and block d iagram for sinusoidal comparison calibration

sensitivity is determined by the rat io of gain range s used on the amplifiers . This
procedure is summarized in the following equation :

K~ 
(6-I)

S, = S5R -

~~~

-

where

S~. = sensitivity of test accelerometer , in millivolts per g
S~ = sensitivity of standard accelerometer , in millivolts perg
R = ratio of test accelerometer to standard accelerometer outputs

~~~ lr~ - 
~~~~~~~~~~~~~~~ ~~~ . .
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K~ = gai n of stan dar d ampl i fi er
K1 = gain o1 test acce lerometer amp lifier.

The acceleration charge sensitivi ty of a pie iuelectric accelerometer is determined
by dividing the test accelerometer sensitivit y by the gain of its charge ampli fier ,
expressed in milliv olts per picocoulon ib.

An appropriat e voltage amplifier is used in place of the test charge amplifier
for calibrating piezoresisti ve or strain gage accelerometers.

Velocity pickups are usually calibrated without a test amplifier since the out-
put may be measured directly with an electronic voltmeter. The sensit ivity of
the velocity pickup is given by

S5. 0.64 17 S5RI, in millivolts per meter per second
(6-2)

= 0.0 163 S~R f ,  in mil livolts per inch per second

whe re

S~, = velocity sensitivi ty in mill ivolts per meter (or inch) per second
R ratio of velocity pickup to accelerometer standard outputs
I = frequency, in hertz.

Typ ical Calibration Results

Calibration results for three representative piezoelectric accelerometers are
illustrated in Fig. 6-2. The total mass of each accelerometer ranges from 2 to
78 g, and the sensitivity ranges from approximately 3 to 100 pC/g. The acceler-
ometers using the P6 and P8* ceramic materials show a gradual decrease in
acceleration sensitivity of som ewhat less than 1% per octave increase in frequency.
The accelerometer using the P 10~ ceramic material has virtually constant sensi-
tivity throughout most of its operat ing frequency range . All the accelerometers
increase in sensitivity at higher frequencies. This is due to the resonance fre-
quency of the accelerometer.

The calibration errors app licable to these and similar piezoelectric acceler-
ometers are given in Table 6-1 . Each error listed is determined by careful consi-
deration of the performance characteristics of the accelerometer standar ds , test
accelerometers , charge amplifiers , shaker , and other instruments used. The
estimated error of 1% is rou tine in laboratories using reasonably good laborato ry
practices. It is common for labora~ çy- calibration to differ by less than 2% in
the same accelerometer , even thoug h the calibration instruments , procedures ,
and laboratory conditions vary somewhat. The calibration errors at frequencies
up to 10 000 Hz increase to as much as 2.5%. It is necessary to state these larger

*p6 , P8, and PlO identify proprietary ceramic materials made by Endevco , San Juars
Capistrano , Calif.
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2272 P10
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Fig. 6-2. Calibration results on three piezoelectric
accelerometers f29 l

erro rs, in order to demonstrate traceability with and to include the error in an
accelerometer standard previously calibrated at the National Bureau of Standards.
In practice , the larger calibration errors at higher frequencies are due mostly to
environmental effects and to relative motion between test and standard acceler-
ometers. The errors due to relative motion are substantially reduced by selecting
accelerometer standard s and shakers having very high resonance frequencies ,
preferably near or above 50 000 Hz.

Calibration results for a velocity pickup are illustrated in Fig. 6-3 . The velocity
sensitivity changes significantly over the operating frequency range . The calibra-
tion errors would be large compare d to those obtainable with accelerometers.

Undesirable Calibration Results

Calibration are usually performed to accurately determine the sensitivities
and operating frequency ranges of transducers. Other possible purposes include
determining whether the transducer is adversely affected by certain environmen-
tal effects or whether undesirable resonances exist. For example , poor-quality . -

piezoelectric accelerometers may expe rience sensitivity changes due to Strain
effects produce d by different mounting torque requires some expe rimentation
because the changes in sensitivity are constant over the entire frequency range .
Errors due to stra in and inertial forces produced by cable effects are present
onl y at low freq uencies , where visibly large displacement amplitudes are present.

A number of accelerometers may have responses similar to those shown in
Fig. 6-4. The irregular response in Fig. 6-4a is due to the perfo rmance charac-
teristics of the particular accelerometer. The minor resonance at 7300 Hz may
be due to a resonance in the accelerometer case. Another accelerometer (Fig.

L .. . ~~~ . .~~ ~~~~~~~~~~~~~~~~
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Table 6 - I .  Analysis of Errors in the Sensitivity of Test Accelerometers
Calib rated by the Comparison Method

Sensitivity ErrorMeasurement
_________________________________  

(%)

Reciprocity Calibration Error for Standard , 100 Hz 0.5
Stability of Standard 0.5
Comparison Frequency Response Calibration

Erro r for Standard
5-1000 Hz 1.1
1000-10 000 Hz 2.1

Relative Motion , 1000-10 000 Hz* 1.0
Distortion 0.2
Voltage Ratio 0.2
Amplitude Linearity, 0.2-lOO g 0.2
Range Tracking, Standard Amplifier, 1, 10, and

100 gf V Ranges 0.2
Range Tracking, Test Amplifier 0.2
Amplifier Relative Frequency Response 0.1
Amplifier Gain Stability, Source Capacity , etc. 0.2
Environmental Effects on Accelerometers , Transve .se

Sensitivity, Strain , Temperature , etc. O.5~
Environmental Effects on Amplifiers , Residual Noise , etc. 0.2~
Estimated Error , 100Hz t.0~
Estimated Error , 5—1000 Hz I.5~
Estimated Error , 1000-10000 Hz 2.5~

*~ftg hest frequency is 5000 Hz for test accelerometers , with a total mass exceeding
35 g.

tThe error varies from 0-0.5% for most accelerometers operated unde r controlled labo-
ratory conditions .

tApplies for controlled laboratory conditions.
§ Determined from the square root of the sum of the sq u ares of the applicable individ ual

errors.
Source: Ref . 35.

6 -4b) has a minor resonance with unusually high sensitivity between 8000 and
94 000 Hz. Figure 6-4c shows an erratic frequency response that sometimes
occurs in very small accelerometers. The frequency response of an accelerometer
with damaged mounting th reads is shown in Fig. 6-4d. These results are some-
what extreme and occur only in certain accelerometers.

It is import ant to know that the frequency response is normal throughout
most , if not all, of the operating frequency range . The presence of large sensiti-
vity changes in narrow frequency bands may be overlooked or mistakenly

_- -- ~~~~~~~
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Fig. 6-3. Calibration of a velocity transducer

attributed to shaker characteristics if the calibration is performed on shakers
having excessive transve rse motion or acceleration distortion. In some test appli-
cations it is important to avoid accelerometers having poor frequency response ,
such as that illustrated in Fig. 6-4. It is easy to cull these accelerometers when
routing frequency response calibrations are made. Abnormal fre quency response
in accelerometers may be due to internal damage , intern al lead wire resonances ,
connector resonances , accelerometer case resonances , etc.

6.2 Resonance Frequency Calibrations

Although sensitivity and frequency response calibrations are required for the
accurate use of accelerometers , the plot of resonance frequencies is a very
import an t and definitive calibration. The resonance frequency calibration is the
best method for evaluating the basic performance characteristics of any acceler-
ometer and its operating conditions. It deter m ines whether the accelerometer
operates as a single-degree-of-freedom mechanical system. Perhaps even more
important it can detect intern al damage. Resonance frequency calibrations re-
quire the use of a high-frequency shaker (that is, one in which the resonance
frequency of the moving element exceeds those of the accelerometers being
calibrated). The resonance frequency of most accelerometers is less than 50 000
Hz. However , some accelerometers used for shock measurements have resonance
frequencies above 100 000 Hz. Even with those accelerometers it is useful to
perform resonance frequency calibrations up to 50 000 Hz to detect any unusual
performance characteristics at lowe r frequencies.

L - 
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Ideal Accelerometers

Many accelerometers itow used are similar in operation to the almost ideal
accelerom eter whose performance is shown in Fig. 6-5. It has a single resonance
and few , if any, minor resonances. This response is very similar to the theoretical
response for seismic accele rome te i-s.

It is good practice for users to perform resonance frequency calibrati ons on
acceleron seters to establish their performance characteristics and to allow any
changes in future years to be detected. This practice should be followed on all
accelerometers used for important measurements. The resonance frequency cali-
bration should be repeated when there is evidence that the accelerometer has
been subjected to severe environments or rough handling. Although there may
be no external indications , internal damage may occur.

Another reason for makin g resonance frequency calibrations is to determine
whether the response is like that of the ideal accelerometer. The use of acceler-
ometers having a single resonance (Fig. 6-5) may be preferred when high accuracy
and reliability are required. On the other han d , accelerometers with multiple
resonances (Fig. 6-6) are suitable for most applications and may be used for
other desirable characteristics, such as size or shape.

Damaged Accelerometers

Although it is difficult to damage many piezoelectr ic accelerometers , the
design of some accelerometers makes them vulnerable to shock motions far
above their rated environmental limits. Such high shock motions may be applied
by rough handling. Resonance frequency calibration is the most accurate method
for determining accelerometer damage . Figures 6-7a and 6-7b show the resonance
frequency calibrations before and after an accelerometer was subjected to ex-
cessive shock motion. The resonance frequency of the accelerometer is decreased
from 32 000 to 29 500 Hz , and a minor resonance is introduced at 9000 Hz. The
decre ase in resonance frequency is a definite indication of internal damage. This
is the same accelerometer used during the frequency response calibration in Fig.
6-4b. On the basis of the frequency response calibration alone , the minor
resonance at 9000 Hz may have been overlooked because the response is accept-
able at lowe r frequencies. Howeve r , the resonance frequency calibration in Fig.
6-7b establishes that the accelerometer is damaged and probably should not be
used in important tests.

It is good practice to perform resonance frequency calibrations to detect any
changes in the operating characteristics of the accelero meters . In most acceler-
ometers no malfunction is detected. An exception to this is the accelerometer
shown in Fig. 6-8 . The result of the shock motion calibration , illustrated in Fi g.
6-8a , is perfectly normal. No unusual response is presen t in the oscillogram , and
the shock motion sensitivity agrees precisely with the sinusoidal calibration.
Howeve r , the routine resonance frequency calib ration (Fig. 6-8b) shows multiple
resonances and a resonance frequency of 28 500 Hz. The nominal resonance
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Fig. 6-5. Calibration of an accelerometer having almost
ideal character istics 1351

frequency of this accelerometer is 35 000 Hz. The low resonance frequency
again indicates intern al damage.

Failures in damaged accelerometers include such things as cracked piezoelectric
elements and epoxy joints , plastic deformation in screws , defaced accelerometer
mounting surfaces , deformed accelerometer cases , etc.

Minor Resonances

Minor resonances detected during frequency response calibrations are the
result of resonances in lead wires , accelerometer cases , etc. Minor resonances in
some accelerometers occur at frequencies above tO 000 Hz , which is the upper
limi t of most frequency response calibrations. The accelerometer in Fig. 6-Oa
has a minor resonance at 37 000 lIz. It is known that this is a minor resonance
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Fig. 6-6. Calibration of an accelerometer having multiple
reso nance f req uencies 1351

because the phase angle changes abruptly to 100 degrees at the resonance and re-
turns to 0 degrees above the resonance, and because the sensitivity increase is 20
dB , which is much less than usual. This accelerometer is used for shock motion
measurements , and the presence of the minor resonance should have little effect
in many test applications. However , it is good to be aware of such local resonance
in selecting accelerometers , particula ily when very high frequency components
are to be measured. The calibration in Fig. 6-10 shows the response of a shock
accelerometer having no minor resonances up to 50 000 Hz.

Accelerometer Effects on Structures

Resonance frequency data on an accelerometer are helpful in considering
possible effects of the accelerometer on the motion of the structure . Neglecting
the affects of rot ary inertia , the motion of the structure with the accelerometer
attached is given by

40Mi-
A 

Mi- +M~ 
(6-3)

I
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Fig. 6-7. Calibrations performed on an accelerometer ,
showing a resonance frequency of (a) 3 2000 Hz before
damage and (b) 29500 Hz after damage [35]
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Fig. 6-8 . Shock calibration of an accelerometer (a)
appears normal , but (b) the resonance frequency cali-
bra tion indic ates internal damage [351
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where

A = amp li tude  of motion of the structure with accelerometer attached
A 0 = amp litude of motion without accelerometer attached
Mi- = point dynamic mass of the structure at the accelerometer mounting

location in the sensitive direction of the accelerometer
M~ = dynamic mass of the accelerometer in its sensitive direction.

The dynamic mass of the accelerometer at frequencies below the lowest
resonance is equal to the total mass of the accelerometer measure d staticall y.
However , it should be expected th at the dynamic mass of the accelerometer
changes significantl y at minor resonance s particularl y if the response has a
rather large sensitivity change at the resonance . The largest changes in dynamic

~-0

00 000 0 ~~ 00

FRE).*NCY HZ

- l i t . .  •
lot 000 0 000 00 an

~Rf Sf5C, HZ

Fig. 6-9. Calibration of an accelerometer with a minor
resonance [34 1
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Fig. 6-10. Calibration of an accelero r~eter with no
minor resonances below 50000 Hz [351

mass should occu r at the accelerometer resonance frequency. It is usually dif-
ficult to compute the change in response of the structure as a result of reso-
nances in the accelerometer. However , a reasonable prediction of the effect can
be obtained by using the above equation if the resonance frequency of the accel-
erometer and the characteristics of the structure being tested are known.

Accelerometers With Damping

A resonance frequency calibration on a piezoresisti ve accelerometer with oil
damping is illustrated in Fig. 6-1 1. During manufacture the damping is adjusted
at room temperature to approximately 0.7 of critical damping, to ensure that
complex vibration and shock motions are measured accurately. The phase angle
must vary linearly with frequency, as in Fig. 6 - l i b  (taking into account the
logarithmic frequency scale) to avoid distortion in the accelerometer output.
The waveform of the accelerometer output is identical to that of the measured
complex motion only when the phase angle response has this characteristic or
is 0 degrees , as in the case of undamped accelerometers. The accelerom eter is
selected so that this proportionate phase response is maintained at all significant
frequency components of the motion to be measured. This usually requires that
the proportionate phase response is maintained at frequencies up to about two-
thirds of the natural frequency for damped accelerometers.

Damped accelerometers are preferred when it is desirable to filter out fre-
quencies near and above the natural frequency or resonance frequency of the
accelerometer. Howe ver , if the damping changes significantly for any reason , the 
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Fig. 6-11. Calibration of a damped piezoressstjye ac-celerometer [35J

output will be distorted when damping exceeds about 0.5 to 0.85 of criticaldamping. Large changes in damping can occur in oil-damped accelerometers attemperature extremes , due to viscosity changes (see Fig. 3-15 a). It is importantthat no large changes in damping occur due to damage or air leaks. Periodicalresonance frequency calibrations should be useful for detecting changes in damp-ing by compa ring the response to that of an ideal accelerometer.

6.3 Transverse Sensitivi ty

Transverse calibration is done to determine the maximum value of the trans-verse sensitivity of a transducer , in a parti cular direction in a p lane perpendicular

- - ~~
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to the sensitive axis. It should be necessary for the manufacturer alone to measure
the transverse sensitivity of an accelerometer or velocity pickup. Some have a
very low maximum transverse sensitivity (less than 1%) by virtue of their design .
Piezoelectnc accelerometers have some variation in transverse sensitivity, depend-
ing on several factors in the design. The best quality accelerometers have a
-maximum transverse sensitivity value of significantly less than 3% of the ac-
celerorne t er sensitivity.

Transverse sensitivity calibrations are routinely performed at a single frequency
in the rated frequency range of the accelerometer. As the accelerometer is
vibrated rectilinearly in a plane perpendicular to its sensitive axis , the output
of the piezoelectric accelerometer depends on the angular position of the direc-
tiorl of vibration in this place (see Fig. 6-12) . The vari ation in transverse sensitiv-
ity, as the accelerometer is rotated around ito sensitive axis , describes a sinusoid .
The maximum value of this curve is the maximum transverse sensitivity.

The accelerometer in Fig. 6-12 has a transverse sensitivity of less than 0.5%.
It is useful , in evaluating electrodynamic shakers, to determine their suitability
for measuring the transverse sensitivity of othe r accelerometers. Figure 6-13a
shows the results of such an evaluation. The transverse motion of the shaker is
less than 1% except at the shake r resonance frequencies , near 500 and 100 Hz.
The shaker should not be used above 3000 1-li because of the significant resonance
at 4500 Hz.

IC — —
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Fig. 6-12. Variation of transverse sensitivity
with rotation of accelerometer
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Fig. 6-13. Calibrations of the transverse motion of a shaker
with (a) an accelerometer with low transverse sensitivity and
(b) an accelerometer with high transverse sensitivity

Figure 6-1 3a also implies that the transverse sensitivity of the accelerometer ,
which is less than 0.5%, as indicated in Fig. 6-12 , is constant at various frequencies.
Results from another accelero meter , shown in Fig. 6-13b), indicate this more
clearly. This accelerometer , selected to have high transverse sensitivity as an cx-
ample , is useful for experimentally demonstrating the constant frequency char-
acteristic of transverse sensitivity. The transverse sensitivity of the accelerometer
is a constant value near 5% at all frequencies up to 3000 Hz, the useful range of
the shaker. The irregularities in the transverse sensitivity plot occur at the same
frequencies where the shake r exhibits resonance response (Fig. 6-l3a).

6.4 Amplitude Linearity

Accelerometers are inherently linear , with little or no changes in the sensitivity
thro ughout their rated amplitude ranges. There is little need to perform
amplitude linearity calibrations on these accelerometers , particularly when
accurate information is available from the manufacturer. Amplitude linearity is
calibrated for accelerometers exhibiting measurable deviations from constant
sensitivity. However , the deviations are nearly the same for all accelerometers
having the same design and the same perfonnance characteristics. This means it
is necessary to perform amplitude linearity calibrations on only a very few
accelerometers of each type .

The amplitude linearity calibrator is shown in Fig. 6-14a. High accelerations
are achieved with a resonant beam attached to a 50-N (10 lbf) force rated shaker.
The moving element of the shaker is small enough that the beam resonates at its . 
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F ig. 6-14a. Amplitude linearity calibrator using a resonant beam (36 1
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Fig. 6- 14b , Block diagram of equip ment used in measuring amplitude linearity
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fundamental free-free mode. Time beam is desi gned with a clamping fixture to
minimize stress concentrations on the beam and thus avoid excessive beam
failures due to fatigue. The design uf the beam with this particular shaker results
in a resonance frequency of approximately 220 Hz. With this beam many hours
of operation at 100 g can be obtained before fatigue failure of the beam occurs.
Operation at up to 200 g can also be performed with somewhat lesser beam life .
This design is particularl y advantage ous in that the re is no relative motion
between the test and standard accele rometers . The standard accelerometer is
mounted at the opposite end of the shaker moving element from the beam.
If desired , a back-to-back fixture may be used. Both test and standard acceler-
ometers are then mounted on the fixture , and the fixture may be attached either
on the beam or on the opposite end of the moving element.

Figure 6-14b shows a block diagram of the 100-g calibrator. The decade
capacitors and the voltage divider are adjusted until  the outputs from the test
and standard accelerometers are equal at 10 g as indicated by the electronic
voltmeter. The applied acceleration is then increased to the desired leve l while
the frequency is adjusted to the beam resonance . Amplitude linearity deviations
are determined fro m the change in voltage reading obtained by switching the
vol tmeter from the test accelerometer ou tpu t .

The estimated error in measuring amplitude linearity deviations does not ex-
ceed 1%. The standard accelerometer is previously calibrated by one of the
absolute calibration methods. The standard accelerometer may be ve ri fied by
calibrating at hig her accelerations on a shock calibra tor.

6.5 Temperature Response Calibrations

The temperature response calibrator shown in Fig. 6-ISa is used for calibra-
tions fro m —1 84°C to +400°C (—300 °F to +750°F). These calibrations are
usuall y performed at a sing le frequency. A comparison - ~thod is used~ the
standard accelerometer is kept at room temperature c -

~~ the tempe rature
chamber at the opposite end of t h e  shaker moving elenie,, • .ini the test acceler-
ometer. The shaker is operated in the vertical direction. A ceranuc rod is attached
to the top of the moving elenient and passes through the wall of the chamber. A
steel fixture with a thermocoup le inserted is attached to the top of the ceramic
rod , and the test accelerometer is mounted on the fixture . Chamber temperature
is automaticall y controlled b y the output of the thermocoup le.

The block diagram of the calibrator is shown in Fi g. 6-1 Sb. The shaker is
vibrated at approximately 3 g. In pract ice , as many as ten accelerometers may be
calibrated simultaneousl y by using a larger mounting fixture and additional
amp lifier-voltmeters for each addition al accelerometer. The standard acceler-
ometer is monitored to ensure that the acceleration remains unchanged during
calibration. Since the standard accelerometer is at the bottom of the shaker, it
remains at room temperature . The sensitivity deviation at each temperature is
indicated by the change s in voltmeter readings for each test accelerometer.

L ~~~~~~~~
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range . The third source of error is the combined e ffect of the temper ature
response of the pa rticular accelerometer being calibrated and the accuracy of
the temp erature measurement. More specifically, it is determined by the rate of
change of the test accelerometer output  with respect to temperature . The
temperature is measured by the thermocoup le output on a potentiometer to
within the accuracy of the thermocouple. For most accelerometers , the estimated
total calibration error is significantly less than 5%.

6.6 Combined Environmental Calibrations

It is extremely difficult to combin e calibrations of temperature response ,
amplitude linearity, and frequency response. Fortunately, accurate calibrations
can be achieved by performing the amp litude linearity and temperature response
calibrations at a single frequency, as described above , and then combining the
results analytically with sensitivity and frequency response calibration data. This
procedure is recommended for accelerometers with small internal damping that
are not used near their resonance frequencies. It is particularly suitable for piezo-
electric accelerometers that have almost zero damping and are normally used at
frequencies below one-fifth of their resonance frequency. Although very small
changes in internal damp ing and resonance frequency probably occur at tempera-
ture extremes , these changes have no effect on the response below one-fifth the
accelerometer resonance frequency .

Other vibration pickups that are normally used near their resonance frequencies
require combined amplitude linearity and temperature response calibrations.
Fortunately, the transducer types that require combined environmental calibra-
tions are normally used only at frequencies up to a few hundred hert z , and
special back-to-back fixtures need not be used inside the temperature chamber.

The internal resistance of piezoelectric accelerometers decreases at elevated
temperatures , and this may affect the response of the associated amplifier
(particularly voltage amplifiers at frequencies below 50 Hz). For this reason, it
is sometimes desirable to verify the response of the accelerometer-ampl ifier
system at the lower frequencies while the accelerometer is subjected to high
temperature. The combined high-temperature , low-frequency calibration may
be omitted if the resistance of the accelerometer is measured at the maximum
operating temperature and the low-frequency charac~eristics of the amplifier
are known .
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CHAPTER 7
SHOCK MOTION CALIBRATIONS

Shock motion calibrations are perfornied routinely at accelerations from 20
to 10 000 g. The most accurate calibrations are performed by the comparison
method using an accelerometer standard . Absolute shock motion calibrations
can be performed at the same accelerations , but the resulting calibration errors
are somewhat large r than those achievable by the comparison method. Special
test equipment is required for absolute shock motion calibrations at accelera-
tions up to 100 000g.

7.1 Comparison Calibrations

Comparison shock motion calibrations are made simply by subjecting the test
and standard accelerometer s to the same pulse and measuring the ratio of their
peak acceleration outputs. The accelerometer standard is previously calibrated
by the reciprocity method to determine its sensitivity and establish it as a pri -
mary standard . Frequency response calibrations are performed on the acceler-
ometer standard up to 10 000 Hz , to demonstrate a constant sensitivity
corresponding to the frequency components in the shock pulse. In addition ,
resonance frequency calib rations on the standard can identify resonances that
may be excited during shock motion calibrations. Amplitude linearity calibra-
tions are performed on the standard so that accurate correction factors may be
applied for any changes in sensitivity occurring at the peak accelerations present
during shock motion calibrations.

Calibration Procedure

Comparison shock calibrations are performed with the calibrator and other
instruments shown in Fig. 7-I. The standard and test accelerometers are attached
back-to-back on a cylindrical anvil , and the anvil is held in place with magnets.
A steel ball is allowed to fall and strike the anvil.

The accelerometers are connected to amplifiers equipped with low-pass
filters. The filter cut-off frequency should be between 15 and 20 kHz. Voltage
dividers are used to produce approximately equal signals at the storage oscilloscope
input and to make the pulse heights approximately 6 cm. A dual-trace oscillo-
scope is used to record both accelerometer outputs simultaneously. A common
calibration voltage standard signal is afterwa rds applied simultaneously to both
channels to calibrate the oscilloscope.

137
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The formula for calculating the sensitivity of the test accelerometer is

H~ D5 C~ K3
(7-1)

where

Q5 = sensitivity of test accelerometer , in picocoulomb s per gram
H~ = pulse height of test accelerometer , in centimeters
H5 = pulse height of accelerometer standard , in centimeters
D~ = divider setting on test accelerometer

= divider setting on accelerometer standard
Cr = calibration signal on test channel , in millivolts per centimeter (mV/in.)
C3 calibration signal on standard channel , in millivolts per centimeter

(mV/in.)
K~ = gain of test amplifier , in millivolts per picocoul omb
K5 = scale range of standard amplifier , in millivolts per gram
A 0 = amp litude linearity correction for accelerometer standard.

Typical oscillograms obtained during a comparison shock calibration are
illustrated in Fig. 7-2. The shock pulse outputs from the standard and test ac-
celerometers are inverted with respect to each other for ease in separating the
traces. The sinusoidal traces are for calibration purposes; the upper sine trace
is for the standard channel , and the lower trace for the test channel. The gain
and scale ranges used in the equation are noted from the test and standard
amplifiers . Amplitude linearity correction A 5 for the standard illustrated in Fig.
7-1 is l% per l 0000 gor O . l%per  1000 g.

The results of the calibrations illustrated in Fig. 7-2 are given in Table 7-I.
The results show that the charge sensitivity of this accelerometer increases at
high accelerations. A plot of the response indicates that the charge sensitivity
increases linearly with applied acceleration to a value of 4.5% at 10 000 g.

Error Ana lysis
The error analysis must include estimated erro rs for the applicable perform-

ance characteristics of all the instruments used in comparison shock calibrations
of test accelerometers . Such instruments include charge amplifiers for the test
and standard accelerometers , low-pass filters , resistance decade dividers , and
dual-trace oscilloscopes. The error analysis must include those characteristics of
the test accelerometer that could produce erro r signals or change the sensitivity
of the test accelerometer during calibration.

Customary procedures are used in performing the error analysis. The actual
erro r used for certain performance characteristics is usually less than the maximum

~ 
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2270 2270
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!~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~TEST TEST
ACCELEROMETER t at 99 ~ ACCEI.EROMETER tdt 4567 g

tbt 533 g let 10 164 9

ct 982 g

Fig. 7-2. Oscill ograan s obtained with a shock calibrator

limits stated for the instrument. This is acceptable because the nominal perform-
ance of the instruments is generally less than the limit established for acceptance
or rejection of instruments during manufacture . Furthermore , the specific errors
used in the analysis are sometimes less than nominal performance of the instru-
ment. This is to account for the fact that conditions during calibration are
general ly not in the operating extremes of the instrume nt.  There fore , case is 
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taken in assi gning errors so that  the noi j ij i ta l  err or  used u s  t ise analysis never cx .
ceeds two-thirds of the maximum possible error under extreme con ditions .

The results of an error analysis are shown in Table 7-2. Exp eri en ce shows
that the errors of the reciprocity calibrati on of the accelerome ter standard are
usually less than the ±0.51~ (See Table 5.3). Therefo r e,  the i’stj r na t e d  error in
Tab le 7-2 is given as 0.35%. The accclero inete i s tand ard could be ca librate d by
the sinusoidal comparison method r ather  than tile absolute r e cipR lcl t v  method if
the standard is to be used only for shock motion calibratio ns. However , the
reciprocity calibrations are accurate enoug h to de :nonst rate the s tabi l i ty  of the
standard with time.

Other possible errors in the accelerometer st andard inc lude 2 .I~~ lisr the fre-
quency response calibration of the standard.  The errors for measurem ent  2 in
Table 7-2 apply for good-qual ity charge amplif i ers. The errors for be low-pass
fil ters in the charge amplifiers are listed separately.  Calibrat ion of the low-pass
fil ters is illustrated in Fi g. 7-3. Iden tical filters are used in both amnp lill er s , and
the errors due to gain and frequency response tend to cancel. Therefore , the
errors of 1% in lines 3.1 and 3.2 in Table 7-2 should be more titan adequate. The
phase ang le of the filters changes linearly with frequenc y (Fi g. 7-3 ), which is the
requirement for avoiding distortion in the shock pulse wave form. The propor-
tional phase response extends to 10 000 Hz , which is adequate for t h e  frequenc~components produced by the shock motion calibrator. There fore , the errors due
to phase angle characteristics of the filters , are estimated at less th an 1~~.

The comparison calibration is performed by simultaneous ly recording the
outputs from the standard and test accelerometers on a dual-t race oscilloscope.
Decade voltage dividers are used so that the height of the shock pulses and
sinusoidal calibration signals on the oscilloscope can be adjusted in the range of
5 to 8 cm. If this proce dure is followed , the pulse heig ht can be measured with
errors less than 2%. The oscilloscope is also calibrated to allow for differences
between the voltage scales. An error of up to 2% is allowe d for this calibration.

An error of 1% is allowed for environmental effects on the standard and test
accelerometer and amplifiers . These include errors due to transverse sensitivity,
strain effects , temperature , distortion , etc. To m inimize distortion errors necessi-
tates use of anvils that produce pulse durations of at leas t five times the natural
period of the test accelerometer. This requirement is usually met because most
accelerometers having a low resonance frequency arc limited to use at low
accelerations , and the low-acceleration anvils produce long pulse durations.
Some distortion is also produced by exciting the resonance frequency of the
outer case and base of the standard . These errors tend to cancel because they
occur equally in both test and standard outputs.

The estimated error in the test accelerometer sensitivity is determined by
calculating the square root of the sum of the squares of the ind ividual errors
listed in Table 7-2 . This error in the shock motion comparison calibration of the
test accelerometer sensitivity is 4.8% , but numerous shock motion calibrations ,
on accelerometers having known characteristics , indicate that the error is usual ly

_ _ _  - . -- ,,.-~~~~~~~ - ..- 
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Table 7-2. An alysis of Errors in the Sensitivity of Test Accelerometers
Calibrated on Endevco Shock Motion Calibrator Model 2870 1

ErrorMeasurement 
J 

(±%)

1 Accelerometer Standard
1.1 Reciprocity Calibration at 100 Hz 0.35
1.2 Stability of Sensitivity 0.35
1.3 Mass Effect on Sensitivity at 100 Hz 0.14
1.4 Comparison Frequency Response Calibration Error 2.1

for Standard
1.5 Relative Motion up to 10 000 Hz 1.0
1 £ Amplitude Linearity Corrections up to 10000 g 0.5

2 Charge Amplifiers
2.1 Range Trackin g of Standard Amplifier 0.7
2.2 Gain of Test Amplifier 0.35
23 Range Trackin g of Test Amplifier 0.2
2.4 Relative Frequency Response 0.1
2.5 Gain Stability, Source Capacity, etc. 0.2

3 Low-Pass Filters
3.1 Relative Gain 1.0
3.2 Relative Frequency Response to 10 000 Hz 1.0
3.3 Phase Angle Linearity 1.0

4 Voltage Ratio Measurement
4.1 Decade Voltage Divider 0.05
4.2 Height of Standard Pulse 2.0
43 Height of Test Pulse 2.0
4.4 Calibration of Oscilloscope 2.0

5 Environmental Effects on Amplifiers and Accelerometers,
including Transverse Sensitivity, Strain Effects , Tempera-
ture , Distortion , etc.

6 Estimated Error in Test Accelerometer Sensitivity 4.8*

*Determined from the square root of the sum of the squares of individual errors.
Source: Ref . 28.

significantl y less. Errors of less than 3% are achievable if some skill is used to
measure accurately the pulse heights and sinusoidal calibration traces.
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Fig. 7-3 . Amplitude and phase angle response for a tow-
pass filter used in shock calibrations

7.2 Absolute Calibrations

An absolute shock motion calibration is made by wbje cting the test acceler-
ometer to a mechanical pulse and measuring the resulting velocity change . The
pulse output from the accelerometer is integrated to determine the indicated
velocity change. The acceleration sensitivity of the accelerometer is determined
using the ratio of the indicated velocity to the actua l velocity sensitivity measured
by an absolute method.

Theory of Operat ion
An absolute calibration of the sensitivity of an accelerometer is performed by

measuring the velocity of the anvil resulting fro m the shock motion and dividin g
it into the integral of the output from the accelerometer.

Velocity u, of the anvil when its top is between the second and third photo-
junction cells (Fig. 7.4) is given by

= (u~ + 2gs)”2 (7- 2)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 7-4. Equipment for absolute shock motion calibration 137 1

where

= anvil velocity at middle diode sensor , in meters per second (in./s)
g = acceleration of gravity, 9.Sl m/s2 (386 m I s 2 )
s distance , in meters (in.).

If ds/ dt is used , Eq. (7-2) can be integrated;

rr r dsI d r =  I — . (7-3)J0 J0 (r4 + 2gs)h12

Solving Eq. (7-3) yields

S2 ~U2 = -
~~~ (7-4)

where

S2 = distance between the second and third diode sensors
r = time elaspse d while anvil trave ls distance S2 . Velocity u1 of the anvil at

the end of the shock motion pulse is

_____________________________________ _______________________________________ - ~~~~ -~- — ~~~~~~~~~~~~~~~~~ ,,-.. ,,-_ _ _ .--_ -__—-—~~~,,--_ - -_
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u1 = (u~ - 2gS1)’12 (7-5)

where S5 is the distance the anvil travels after the shock motion until the top of
the an vil reaches the middle diode sensor. The change in velocity due to the
shock pulse is determined by combin ing the equations :

~ , =[(
~
.
~ 

- )2 - (7-6)

The absolute calibration is completed by computing sensitivity S of the
accelerometer:

K 1K2A
S = (7-7)UI

where

K 1 = voltage scale factor
K2 = time scale factor

A = area under the pulse of the accelerometer output ~~~ . time.

The acceleration output is photographed from the oscilloscope. Numerical
integration of the output is performed using transparent graph paper or a plaini-
meter; this accurately yields are a A. Accelerometer voltage per division on the
graph paper K 1, the time in seconds per division K2 , area A, and u1 are sub-
stituted into Eq. (7.7). The result is the sensitivity of the accelerometer under
shock motion conditions.

Description of Shock Calibrator

The shock calibrator for performing absolute calibrations is similar to that
used for comparison calibrations . Additional circuitry is used for making an
absolute measurement of the velocity resulting from the shock motion. Figure
7-4 illustrates the apparatus used for the sensitivity measurement. Light-activated
diodes are used as sensors to trigger the oscilloscope and measure the velocity
with a time interval counter. To complete the sensitivity measurement , neces-
sitates an accurate measurement of the distance between the middle sensor and
the bottom sensor , which produces sign als for starting and stopping the counter.
The best method for measuring this distance is to drop the ball from a known
height while the anvil and accelerometer are removed from the calibrator. As the
ball passes the middle and bottom sensors the distance between the sensors can
be computed as follows :

L ~~
-
~~~~~~

—- 
-

- —----- -- - 



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SHOCK MOTION CALIBRATIONS 147

S2 = 4.43 X 10 3 th ”2 + 4.90 X Ill6 t 2 m
(7.8)

S2 = 0 .0278th ’~ + 0.193 X 10 3 t 2 in.

where

S2 = distance between middle and bottom sensors , in meters (in.)
t = tim e for the ball to travel the distance S2 , in milliseconds
h = distance between the middle light beam and top of the ball just before

release , in mete rs (in .).

The shock motion calibration is performed by inserting the anvil in the cali-
brator and droppin g the ball onto the anvil to produce the desired shock pulse .
Rubber padding is put on top of the anvil to control the desire d pulse duration.
The peak acceleration of the shock pulses is determined by the mass of the anvil ,
the mass of the ball, and the material of the padding.

Typical Results

Typical examples of absolute shock motion calibrations are illustrated in Fig.
7-5. The calibration of these th ree piezoelectric accelero meters of different
design demonstrate the practicability of performing absolute calibrations. The
Model 2221 accelerometer (Fig. 7.5a) shows some increase in acceleration
sensitivity at 1250 g compared to the results at lower accelerations. This increase
in sensitivity is typical for this accelerometer. The slight decrease in sensitivity
at 7610 g for the Model 2225 accelerometer (Fig. 7-Sb) is not typical . it is
expected that the slight decrease in acceleration sensitivity at this high accelera-
tion is due to calibration error , since the sensitivity should increase a few per-
cent instead of decreasing. The nearly constant sensitivity of the Model 2242
accelerometer (Fig. 7-5c) is typical for this particular accelerometer.

Calibration Errors

The calibration errors pre sent during the absolute shock motion calibration
are listed in Table 7-3. The estimated calibration errors of ±4.3% are achieved
consistently at accelerations up to at least 1000 g. At higher accelerations it is
sometimes difficult to control the trajectory of the anvil to eliminate its rota tion
during the velocity measurement. When this rotation occurs the errors in the
sensitivity measurement are somewhat large r than those given in Table 7-3.
Considerable experience in performing absolute shock motion calibrations and
familiarity with the amp litude linearity characteristics of the accelerometer
being calibrated are necessary for culling poor calibration results. Accordin gly,
absolute shock motion calibrations in the range of 5000 to 10 000 g should be
performed only in laboratories prepared to cope with this problem. Additional
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devclopmeii t work on absolute calibratio n is needed , to lessen the errors in the
comparison shuck calibrati on method. Hopefull y,  this improvement will be
accomplishe d b y the use of ’ lasers with specially desi gned shock calibrators.

Calibrations up to 100 000g

Shock motion calibration s in the range of 10000 to 100 000 g can be per-
formed by appl ying pulses with an air gun making an absolute measurement
of sensit ivity. An air gun is illustrated in Fig. 7-6. Compressed air in the reservoir
is applied to the ram project ile , which accelerates down the barrel and strikes
the anvil to which the accelerometer is attache d. The resulti ng shock pulse is
recorded ~n an oscilloscope . The velocity sen sitivity change resultin g from the
shock pulse is measured using photod iodes positioned above the slots in the
barrel , as indicated in Fig. 7-7. The calibratio n is completed by following the
absolute method of integratin g the accelerometer pulse output and computing
the sensitivity with the aid of the measured velocity change . Typical results ,
illustrated in Fig. 7-8 , indicate that the sensitivity of this accelerometer incre ases
47% at an acceleration of 100 000 g. Since an acceleromet er used for shock
measurements should be limited to accelerations at which its sensi’ivity increase
does not exceed 10%, this accelerometer should be restricted to 20 000 g.
Acceleromet ers having with amplitude linearity deviations should be used for
measurements above 20 000 g.

Table 7-3 . Estimated Errors for Absolute Shock Motion Calibrations
Using Endevco Model 2965A Shock Calibrator

ErrorMeasurement
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(±%)

I .  Area under the Pulse 3

2. Velocity 2

3. Oscilloscope Voltage Scale 1 .0

4. Oscilloscope Time Scale .5

S.  Scale Factors 2

6. Estimated Error in Accelerometer Sensitivi ty 4.3

9Determined from the square root of the sum of the square of the individua l errors.
Source : Endevco , San Juan Capistrano . Calif. 
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CHAPTER 8
FORCE GAGES AND IMPEDANCE HEADS

Dynam ic force gages (transducers) are built using piezoelectric cerami c ,
piezoresistive strain gage , or wire strain gage transducing elements. The basic
construction of a force gage is similar to that of an accelerometer , except that
force transducers have mechanical terminals. The top and bottom mounting
surfaces of a force gage are the mechanical terminals; in an accelerometer onl y
one end of the transducing element is attached to the case of the accelerometer.
The force gage , having two m ounting surfaces , is snore susceptible to environ-
mental e ffects such as externally applied strain.

Force and structural impedance play a very imp ortant role in shock and
vibration and it is important to recognize any large errors in their measurement. —
In both calibration and testing, the errors in measurements made with force
gages are several times greater than those made with accelerometers. h owever.
with reasonable care ve ry useful force measurements can be made and good
accuracy maintained.

An impedance head (transducer) consists of a force gage with a built- in ac-
celerometer . The impedance head has the internal accelerometer connected to
one mounting end , and the force gage is connected to both ends. Impedance
measurements may also be made with individual force gages and accelerometers .
Care must be taken in the design of fixtures to avoid relative motion between
the force gage and accelerometer. For this reason impedance heads are preferred
for use at higher frequencies in making point impedance measurements. Transfe r
impedance measurements require the use of a force gage at one point on the
structure and an accelerometer at another point , to measure the ratio of force to
acceleration. A reasonable amount of skill in using these transducers is necessary
if use fu l data are to be obtained with confidence. This should require only a
small am ’unt of experience , includin g some familiarity with the design and
operating characteristics of force gages as well as experience in performing
calibrations in the laboratory.

8.1 Description and Performance Characteristics

One type of impedance head is illustrated in Fig. 8-I . This head is 1 in. (25.4
mm) high and 2 in. (50.8 mm) in diameter. It contains three peizoelectric force
gages and three piezoelectric accelerometers. The three accelerometers are
attached to the bottom surface of the top plate on the head at the location of
the three darkened circles in the figure . The force gages are attached to the top
plate at locations between the three accelero meters . The other ends of the force

153
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Fig. 8-1. Mechanical impedance trans-
ducer. (Endevco)

gages are attached to the bottom plate. The outputs of three accelerometers are
electrically connected internally in the head , as are those of the force gages.
Separate connectors are provided to transmit outputs fro m the accelerometer
and force gages. It is customary to connect the top plate of the head to the
structure being tested , particularly when high-frequency measurements are
made. The bottom plate of the head is attached to a shaker.

The impedance head in Fig. 8-I is used with a bolt passing through the hole in
the center. This construction allows a most rigid connection of the head to a
structure , which is important for making measurements in the upper frequency
range , to about 5000 Hz. It is important to perform calibrations using the same
type of bolt to be used in making force or impedance measurements , because
the force is shared between the bolt and the head in proportion to their stiff-
nesses. For example, if the stiffness of the bolt is one-tenth that of the head , it
will carry one-tenth of the total load. Bolts made of materials having different
stiffnesses would carry a diffe rent share of the load. The force gage is calibrated
in terms of its output per unit of total applied force includin g that carried by
both the head and the bolt.

The impedance head and force gage illustrated in Figs. 8.2 and 8-3 are used
with two bolts , one attached to the top mounting surface and the other to the
bottom mounting surface. The total load app lied is measured by the force gages ,
and there is no load sharing with the mounting bolts. These force gages have
somewhat lower stiffness , which may limit their use at very high frequencies.
Calibrations should be performed over the frequency range in which force or
impedance measurements are to be made.

8.2 Calibration of Force Gages

Force gages and impedance heads are most accurately calibrated with sinusoidal
motion on a shaker at an amp litude in the range of about S to 50 N ( 1-10 lbf)
throug hout the operating frequency range . Shock motion calibrations may also
be made , particularly for determining the amp litude linearity characteristi cs.

_________________ _
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Fi g. 8-2 . Mechanical impedance transducer.
(Wilcoxon Research)
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Fig. 8- 3. Force transducer. (Endevco)



.- .  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I ~b ( ‘ 
~I l I I R - ~ I k I N  UI SI I ( X ’l. \ \ I )  \ t I I I (  -\ I (UN ~I I AS t R I N (  I R A N S I f l cl ItS

~~~~~ — 
.-

~~~~~~~~~1 
-

~~~~~

- _ _

i- 
~~~

I ig. 5~4 . Setup for calj b ratj mi the t or ~c t ran sducer  and ac~c1cr inc te r  in an impedance
head [~~ I

The sensi t ivi t ies  of t h e  force gage an d accelero meter in an impedance head are
calibrated on am s e f e ct rodyna mic  shaker using a test setup like that  i l lustrated iii
}-ii~. 8-4. The sensit ivity of the force p ickup is determined by measurin g i ts  out-
put at a selected acce l era t io t s .  first without and then with an external mass
at tac hed to the impe dance head. First , t he output  from the force gage . with a
sta ndard accelerometer mounted on top of the impedance head , is meas ured.
Then the measurement is repeated with an external mass and accelerometer
a t tac hed to the impedance hea d. The force sens it iv i ty  is the change in force gage
output  divided h~ t he pr oduct of the  external  mass and the applied acceleration:

Qo) - Qo.s. . = — -—— ( S - I )

where

.S 1 s e n s i t i v i t y , elect rical  o u t p u t  per unit  t ir ce . in I t l i I h iv i i l h  p~r t l C w t o t i
I m V/lb 1)
electr ical O U t p U t  o i l ) )  e x t e r t i a l  iuss a t tached,  in u i i l h ivoh ’,

= e l ectr ica l o u t p u t  w i t h o u t  e x t e r n a l  I i : I S s . in tn i hh i ~i i l t s

~
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.11 eX I t ’ rua l iiiass , it i  kilogra m s ( I b m )
app l ied acce ler atio n , C X 9.8 1 m/s 2 ( 386 in /s 2 ).

The effe ct ive end toass of the impedance head and bolt is ric asured by re-
pealing the above-described force calibration with several d m ffe icmi t  a r t a ~hed
masses. The output from the force gage corresponding to I ~ accelerat i on is
measured fur each weight applied external l y to t he impeda msce head . These d a t a
are plot ted.  The results for two impedance head s of the same t sp e  ar e shown in
Fig . 8-5. The intercepts of the lines with the abscissa indicate that  the e f fec t ive
end mass of the impedance head is about 0.3 16(0.14 kg).

— From this force sensitivity calibration performed at one frequen cy.  the etf ec-
live portiot s of the mounting bolt through the head (if a through bol l is used )

— arid the effective end mass of the head are determined. If this total mass is
known , the frequency respon se can be determined by measuring the ration of
the force gage output to standard acceleromet er outputs from 10 to 5000 Hz
without the external mass attached. This part of the calibration is repeated to
measure the ratio of the outp ut of the accelerometer in the head to the standard
accelerometer output throug hout the operating frequency range . The external
mass is not used at the hi gh frequencies to avoid relative motion between the
standard accelerometer and impedance head .

The results of a calibration are shown in Fi g. 8-6. The sensit ivity of the
acce lerometer in the impedanc e head is nearly constant throug hout the frequency
range, increasing slightl y near S000 Hz . The sensiti vity of the force gage is also
nearly constant in the same frequency range . The sensitivity for use with an
aluminum 1/2-in -diameter (12.7 mm) through bolt is 5.8 mV/ lbf (1.3 mV/N).
The sensitivity is reduc ed to 5.1 mV/ Ihf  when a 1/2-in -diamet er ( 12.7 mm) steel
throug h bolt is used. This change in set i sitivity is due to the difference in stiff-
ness of the bolts. A small portion of the total force is applied to the bolt while
the rest of the force is applied to the head . The force sensitivity is the voltage
output divided by the total force.

The phase ang le between the force and acce leration outputs is 0 degrees
throug hout the frequency range . This indica tes that  the acceleration motion and
force app lied to a s tructure are faithfull y reproduced in the output signals from
the head , and no correction to the measured phase angle of the impedance
need be made.

8.3 Environmenta l Characteristics

Considerable care is neces sary in the design of a force gage to minimize errors
in output due to mechanical strain on the mounting surface.

Static strain is app lied to the force gage in the process of mounting and can
e ffectivel y change its sensiti vity. The amount of static strain depends on the
torque applied to the mount ing bolts. According ly, this may be evaluated by
performing calibrations using different  mounting torques. The amount of
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varia tion in sensitivity with various torques is the measure of the gage ’s quality.
It is good practice to perform final calibrati ons at the mounting tor que of in-
tended use.

Dynamic strains are present during shock and vibration excitation. Usually
the error signal due to strain occurs at the same frequency as the f orce vibration.
Therefore , the error sign al from the strain adds or subtracts from the output due
to the applied force , depending on the phase angle of the two signals. Since it is
impractical to correct this error , evaluations to measure th is environmental
characteristic should be made.

The response of a force gage to strai n at the mounting surface can be evaluated
by using a beam . The amount of strain at the mounting surface of the force gage
may be measured with strain gages or computed from beam theory . The results
of data obtained on a beam are shown in Fig. 8-7. These results apply for an
impedance head attached with a particular rotational orientation (0 degrees)
relative to the direction of bending in the beam .

The results would be somewhat different if the impedance head were rotated
around its sensitive axis to a different mounting position. For example , the
results shown in Fig. 8-8 apply for a position at 30 degrees rotation , for which
the force output due to strain is somewhat less. Compare Figs. 8-7 and 8-8 . If
the direction of bending strain is known in the testing application it is desirable
to mount the impedance head in this position. At most mountin g torques the
error sign al expressed as force increases with app lied strain. Note in Fig. 8-8 that
the inertial force in this test setup is less than the error signal produced due to
bending strains. It was the intention of the test setup to produce large bending
strains in the presence of low inertial force . The test results indicate that it is
important to select mounting locations on the structure at which the dynamic
bending strains are expected to be small.
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