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Thomas L. Greenwood, Huntsville, Ala., assignor o the

United States of America as represented by the Admin-

istrator of the National Aeronautics and Space Admin-

istration

Filed Jam. 30, 1962, Ser. Neo. 169,977
1 Claim. (Cl 73—-71.2)

(Granted under Title 35, U.S. Code (1952), sec. 266)

The invention described herein may be manufactured
and used by or for the Government of the United States
of America for governmental purposes without the pay-
ment of any royalties therecn or therefor.

This invention relates to a vibration measuring device,
and more particularly to such a device for measuring low
frequencies of moderate to large magnitude which may
be induced in buildings or other structures by either nat-
ural or artificial forces.

More particularly, the invention relates to means to
measure the swaying of buildings and other structures
where no fixed reference point is available, and where the
lower end of the frequency range is below one cycle per
second.

The known available devices of the prior art were
not considered to be feasible or practical for such em-
ployment. As one example of such prior art devices, ac-
celerometers were found to be impractical for this appli-
cation because of the low acceleration ranges being used.
For example, at the frequency with which the measure-
ments desired are concerned, that is, approximately one
cycle per second, a sine wave of -£.25 inch peak dis-
placement obtained on an accelerometer would have an
acceleration of .0125 G. This measurement value would
then have to be integrated twice to derive the actual dis-
placement. In view of the relatively complex waves com-
monly encountered in the vibrations with which we are
here concerned, this determination by means of an accel-
erometer would be quite difficult to attain.

As another example, standard seismographic instru-
ments were also found to be impractical since they pro-
duce an output proportional to velocity. Thus this meas-
urement also would have to be integrated to derive dis-
placement, thereby rendering standard seismographic in-
struments and their systems impractical.

Thus, from the above investigation, the most easily
usable and most practical device would be a suspended
damped pendulum wherein the relative displacement be-
tween the suspended mass and the structure could be
measured directly. However, a conventionally damped
pendulum with this characteristic would, of necessity, be
impractically long (in the order of 40 inches). A means
for shortening this pendulum length was therefore man-
datory to make such a device practical, and resulted in
the novel and practical construction of the present in-
vention.

In general, the invention comprises a support means hav-
ing thereon a pendulum which is free to move in two
directions, i.e. back and forth in a plane at right angles to
the support means. The pendulum is pivoted on an es-
sentially frictioness pivot point and has attached thereto
an unbalancing or astaticizing spring acting directly across
the pivot point, thus permitting the desired low-frequency
oscillation with a relatively short pendulum and minimum
overall dimensions.

The following specification will clearly set out the pres-
ently preferred construction and operation of the inven-
tion when taken in conjunction with the drawings in
which:

FIGURE 1 is a general graph of frequency response
plotted against damping factors;
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FIGURE 2 is a schematic illustration of a simple mass
and spring system;

FIGURE 3 is a graphic representation of the displace-
ment-restoring force relation of the system of FIG-
URE 2;

FIGURE 4 is a schematic representation of the astat-
icizing principle employed in the present invention;

FIGURE 5 is a graphic representation of the displace-
ment-restoring force of the system shown in FIGURE 4;

FIGURE 6 is a perspective view of the device of the
invention in its preferred form;

FIGURE 7 is a sectional view in elevation of the device
of FIGURE 6;

FIGURE 8 is an enlarged sectional view in elevation of
the pivot employed;

FIGURE 9 is a dstail perspective view of the adjust-
ment means for the astaticizing spring; and

FIGURE 10 is an elevational view, partially in section,
of a modification of the device of FIGURE 6.

Generally, seismic type transducers consist basically of
a mass suspended by springs within a supporting frame-
work, and usually include a means for damping the rela-
tive motion between the mass and the frame. The opera-
tion of such a system is based on the “single degree of

f!eedon} equation.
I n)
<

V-G) T+ (o)

X=peak forced displacement of the framework relative to
a fixed reference point;
Y =peak displacement of the mass relative to a fixed point
on the framework;
F=the exciting frequency;
F,=the natural frequency; and
h==the damping factor.

FIGURE 1 illustrates graphically the effect of given
damping factors in relation to relative frequency response.
When the frequency of forced motion (F) is much greater
than the natural frequency (F,) of the suspended system,

i

where:

5 the relative motion between the mass and the framework

becomes the same as the forced motion. The inertia of
the suspended mass of the system causes it to remain mo-
tionless while the framework moves with respect to it.
For a damping ratio of 0.6 of critical (an instrument is
critically damped when the deflected suspended system
approaches its final zero position at the greatest possible
rate without going beyond), the ratio of exciting fre-
quency to natural frequency (F/F,) can be as low as
two before the relative motion between the mass and the
framework begins to differ materially from the frame-
work motion (see graph, FIGURE 1, #=0.6). For a
properly damped system, the relative displacement be-
tween the suspended mass and the framework is a faith-
ful reproduction of the forced displacement of the frame-
work above approximately two times the natural fre-
guency. Thus, for a system to have a good frequency
range from one cycle per second up, the natural fre-
quency should be 0.5 cycle per second or less.

A simple mass and spring oscillatory system is shown
schematically in FIGURE 2. A thin bar B pivoted at one
end A has a mass M attached at the free end thereof.
Springs S restrain it to rest at the neutral position. FIG-
URE 3 shows diagrammatically the relation between dis-
placement D and restoring force (f) where S, equals the
normal spring force. The frequency of oscillation of
such a system is proportional to the restoring force and
inversely proportional to the mass and its distance from
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the pivot point A. To reduce the natural frequency Fy,
either the restoring force f must be reduced, or the mass
M or length of bar B must be increased.

In distinction to the system illustrated in FIGURES 2
and 3 and the requirements necessary to reduce the nat-
ural frequency therzof, an astaticizing principle may be
utilized. This is schematically illusirated in FIGURE 4.
In this instance, the bar B is pivoted at point K and has
springs S, restraining it to rest at a neutral position.
Mass M is attached to the free end of bar B as previously
described. However, here a spring S, exerts a spring
force between a point P on the bar and a point Q on a
fixed base, so that the force of spring S, acts directly
across the pivot point when the mass is in a neutral or
rest position.

Thus it is seen that when the above described type of
system is balanced so that the bar-mass M is at a neutral
or rest position, the spring force of spring S, between
points P and Q has no effect. However, when the system
is unbalanced, the relation between the various forces is
as shown in FIGURE 5. The normel spring force Sp
resulting from springs S, is partially neutralized by the
spring force S, resulting from spring S,, spring S; thus
acting as an astaticizing spring. As is evident from an
inspection of FIGURE 5, the resultant spring force S,
is considerably less than S,. As seen, it goes to zero at
large displacements. This would, of course, result in a
nonlinear relation between force and displacement.
Therefore, proper adjustment requires something less
than the total neutralization of 3, so the displacement
is limited to C and D. Under the conditions illustrated,
good linearity is obtained if the distance K—Q is twice the
distance P-K, as shown in FIGURE 4.

The device of the present invention is designed in ac-
cordance with the above principles, and a specific em-
bodiment thereof is shown in perspective in FIGURE 6,
and in FIGURE 7 in section. Referring first to FIGURE
6, the davice comprises a base member 10 having leveling
screws 12 adjustably attaching base 1§ to sub-base mem-
ber 14. Supported on base 19 are a pair of spaced pivot
arm support elements 16 each comprising support ele-
nent 18 and suspension element 28. Suspension element
20 comprises a frictionless cross-flexure spring pivot as-
sembly which is generally indicated by the reference nu-
meral 22 in FIGURE 6, the details of which are best
shown in FIGURE 8.

As indicated in FIGURE 8, each pivot assembly 22
comprises a suspension element 20 to which is attached
vertical flexure spring 24 by means of spring retaining
element 26 and clamping screws 28. The lower end of
spring 24 is secured by a spring retaining element 36 and
screws 32 to the side of pendulum base extension 34.
Suspension element 20 also carries horizontal flexure
spring 36 attached to its lower face 38 by spring retain-
ing member 40 and screws 42. The opposite end of
flexure spring 36 is secured to pendulum base extension
34 by means of retaining member 44 and screw 46. Thus,
a pivot point 48 is established along the lowex portion of
peadulum 50.

The suspension points or pivot peints 48 provide sta-
bility against side forces, and hold the generally “A” or
triangularly shaped pendulum 50 in an inverted position.
Such positioning has the advantage of utilizing a small
astaticizing force resultant from gravity, and in addition
provides accessibility for ease of adjustment as more fully
explained hereinafter. Balancing screw 54 and weight
56 (FIGURE 7) are attached to the pendulum and per-
mit balancing it in an obvious manner. Positioned on
cach side of the pendulum and substantially in the center
are bracket members 60, 62 attached to base member 10.
The bracket members are provided on their free ends with
substantially flat, perpendicular faces 64, 66, and with
threaded apertures 6% therethrough. Screws 70 are
threaded within aperture 68 and have pendulum limit
stops 72 on their inside ends and screw turning heads 74
on the opposite ends thereof. Locknuts 76 retain the
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screws 7¢ in their desived positions. A visual displace-
ment scale 78 (FIGURE 6) is removably secured to
brackets 60, 62 by means of standoff adapters 80 and
screws 72, Fointer 85 js secured on the rear leg of pen-
dulim 59 for cooperation with scale 78.

Pendulum 59 has an outwardly extending horizontal
arm 84 on the end of which are attached spring clamping
or retaining elements 86, 88 and screw 90 (FIGURE 7).
Retained by clamping elements 86, 83 is one end 92 of
astaticizing spring 94, the other end of spring 94 having
an attaching portion $6 thereon which is attached to a
screw adjusted crosshead mounted on bracket member
69, the crosshead being generally indicated at 98 in FIG-
URE 6. The crosshead arrangement is shown in detail
in FIGURE 9, and comprises a fixed base member 160
having a siideway 182 lengthwise thereof. Positioned
withipn slideway 192 is a force direction adjusting slide
144, which slide has screw reaction means 166 thereon,
and tension assembly reaction plate 108 at the bottom.
Base element 109 is provided with a fixed plate 119 hav-
ing a screw threaded recess 112 therein. A force direc-
tion adjustment screw 134 having a knurled head 116 is
threaded into recess 112,

Attacked to adjustment slide 184 is a tension adjust-
ment base element 18 having fixed plate 120 normal
thereto, this plate having a screw receiving threaded re-
cess 122 therein, base clement 118 being provided with
a slideway 124, which slideway is normal to force direc-
tion 192. Tension adjustment slide 126 is provided with
screw reaction means 128 and spring clamping assembly
1349, which coraprises clamp elements 132, 134 and clamp
screws 136. Temsion adjusting screw 138 having a
knurled head 149 is screwed into recess 122 on plate 120
and reacts against means 128.

As seen in FIGURE 7, one leg of the pendulum 59 car-
ries a damping plate suspension member 142 and has at
each end a vertical suspension arm 144 having damping
pistons or plates 146 extended into air-dashpot 143. Al-
though the pistons 146 move on an arc with the axis of
rotation coincident with the pendulum pivot 48, the de-
parture from a straight line is less than the clearance be-
tween the piston 146 and the inside surface of dashpot
148, so that there is no binding. These damping means
operate in a “push-pull” manner, damping the pendulum
motion to about 0.6 of critical. To provide for variable
damping, a tube line (not shown) having a simple “stop
cock” valve therein, may be provided, intercommuaicat-
ing the dashpots.

Displacement of the pendulum may be measured by a
differential transformer 150 (FIGURE 6) having a core
152 supported by arm 354, which arm is attached to pen-
dulum 50 by any known means. Core 152 is caused to
move within coil 156 by displacement of the pendulum
50. Coil 156 may be supported by plate 158 having
thereon a quick disconnect socket 160. Any suitable
recording oscillograph (nmot shown) or other recording
means may be then simply plugged in at 160. Such a sys-
tem gives adequate sensitivity to provide full galvanometer
defiection with only .05 inch displacement at the top of
the pendulum.

To initially set up or adjust the device of FIGURES
6-9, the base is leveled with either a spirit or built-in
level, and the pendulum 50 is adjusted to a vertical posi~
tion by moving the weight 56 on adjusting screw 54.
Pointer 84 at the top of pendulum 58 will indicate when
the pendulum is centered on scale 78, The maximum dis-
placement is then set by limit screws 70, the astaticizing
spring 94 is connected and adjusted by the crosshead as-
sembly 98 so that the pendulum remains at the center
position, and tension adjustment screw 138 is adjusted so
that the frequency of the pendulum is at the desired value.
This may easily be determined by manually displacing
the pendulum and determining the time interval required
for ten periods. Too much tension will, of course, cause
the pendulum to rest against one or the other of the limit
stops and fail to return to center position,
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manual displacement of the e 0 sh :
pendulum to center position with an overshoot of approxi-
mately ten percent. The pendulum may then be locke
in position by means of the limit screws and transporie
to any desired leccation. If the pendulum position is
changed so that it is no longer in the center, it mmay be
readily corrected by means of the direction adjustment
screw 112, which controls vertical movement of the cross-
head. The instrument should of course be protected by
a cover (not shown) to prevent disturbance by air cur-
rents and contamination by dust or dirt.

FIGURE 10 is illustrative of a modification of the
device of FIGURE 6 wherein a magnetic astaticizing
means is employed in placed of the spring astaticizing
means of FIGURE 6. With reference specifically to FIG-
URE 10, there is shown a displacement indicating
comprising in part, an adjustable base 19 carrying pen-
dulum 50, which pendulum is suspended by 2 suspension
assembly 20 which carries cross-flexure pivot assembly
22, which forms pivot point 48, all as previously de-
scribed. Bracket members €0, 62 are, in this case, pro-
vided with plates 164, 166 extended outwardly therefrom.
Each of the plates has a threaded hole (not shown) there-
through, or eguivalent means, for reception of screws
168, 179, which have knurled adjusting knobs 172, 174
at the outer ends respectively. On the inner end of cach
screw is a permancnt magnst 176, 178 rotatably mounted
at 189, 182. Plates 184, 186 are attached by arms 188,
199 to the pendulum 50, which plates obviously are at-
tracted to the magnets.

Springs 192, 194 are positioned between the pendulum
80 and brackets 60, 62 and provide the restoring force
necessary. Thus, the magnets 176, 178 and springs 192,
194 replace the unbalancing spring 94 and crosshead as-
sembly 88 of the FIGURE 6 device. This system is ad-
vantageous becauss it permits a more compact assembly,
as well as obviating any change in the unbalancing force,
since any spring, such as 94, will have slight changes due
to both weather conditions and wear. Since the restor-
ing springs 192, 1924 are not the astaticizing means,
changes therein are not critical.

This modification, with the magnets 176, 178 in-
operative would have a characteristic displacement-restor-
ing force relationship as illustrated in FIGURE 3. How-
ever, when the unbalancing means (i.e. the magnets) are
employed, movement of the pendulum 50 in one direc-
tion will cause a decrease in the plate to magnet dis-
tance on that side, thus increasing the unbalancing force,
the displacement-restoring force then being as repre-
sented by the curve S, of FIGURE 5, with the resultant,
when plotted against the spring restoring force S,, being
as represented by S,.

The device of FIGURE 10 is set up in much the same
manner as that of FIGURE 6, except that instead of ad-
justing a spring 94, of the type shown in FIGURE 7,
the magnets 176~-178 are adjusted to reach the desired
balance. It is, of course, obvious that the limiting means,
visual scale, damping means, and displacement measuzr-
ing means as fully illustrated in FIGURE 6, remain the
same in this device, and have been omitted for the sake of
clarity.

It is thus seen that there has been provided a displace-
ment transdecer particularly advantageous for measuring
vibrations having a relatively low frequency; ie. one
cycle per second, yet one which is of relatively small size,
rugged, easy to operate, and stable.

The particular instrument above described has been
found most practical and useful in measuring frequencies
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induced in static test s in conr
rocket propulsion tests, although it is obviot
instrument has particular usefulness wherever such low
frequency vibrations are encountered. It is also obvious
that the configuration and details of the instrument can
be changed without departing from the scope of the
invention as defined by the following claim.

What is claimed is:

A seismic displacement f{ransducer for measuring
Iow frequencies induced in building structares, compris-
ing

(A} a base member having

(1) a sub-base,

(2) adjustable means spacing said sub-base from
said base to permit precise leveling of said buse,

(B) a displaceable mass in the form of an inverted
pendulum of essentially triangular shape,

(C) means operative to establish a horizontal axis
about which said mass may have limited moticn,
said means comprising

(1) a pair of pivot arm support elements, each said
element comprising a support element base mem-
ber rigidly attached to said base member, and
a suspension element attached and at right angles
to said support element base member,

2) a pendulum extension attachsd to on
of said triangular-shaped pendulum at
tially the base thercof,

(3) leaf spring members forming a cross-fexure
support means between each szid pivet arm sup-
port element and the ends of said pendulum ex-
tension,

(D) spring means adjustably attached between said
pendulum and said base member thereby permit-
ting said pendulum to be of minimum length, said
spring means bisecting and acting across the hori-
zoptal axis of said pendulum when said pendulum
is at rest,

(E) a crosshead adjusting mesans secured to said trans-
ducer base member and operative to vary the tension
exerted by said spring and the direction of force of
said spring, said means comprising

(1) a vertically movable screw adjustment means
operatively attached to said spring means and
serving to vary the direction of said spring
force, and

(2) a horizontally movable screw adjustmen
means operatively attached to said vertical screv
adjustment means serving to vary the tension
exerted by said spring,

(F) means integrally secured to said pendulum and
said base and operative to damp the peadulum mo-
tion, and

(G) displacement responsive means comprising a dif-
ferential transformer and means suitable for con-
necting said displacement responsive means to a
recording means.
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