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ARBITRARILY SHAPED MODEL SURVEY SYSTEM
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ABSTRACT OF THE DISCLOSURE

An apparatus for detecting and measuring structural
deformations, either static or dynamic, of arbitrarily
shaped models. The apparatus includes a subsystem using
feedback conirol to maintain a non-contacting deforma-
tion measuring sensor a predetermined distance from the
model. A comparison subsystem compares the signal from
the non-contacting deformation measuring sensor with a
reference signal, and controls the polarity of the deflection
analog signal. The analog signal is applied through an
electronic amplifying and manipulating subsystem to an
electronic display. In addition, apparatus is provided for
moving the non-contact deformation measuring sensor
over the surface of an arbitrarily shaped model.

The invention described herein was made by employees
of the United States Government and may be manufac-
tured and used by or for the Government for governmen-
tal purposes without the payment of any royalties thereon
or therefore.

BACKGROUND OF THE INVENTION

Many structural research investigations require the
measurement of static and dynamic displacement ampli-
tudes. Numerous prior art systems have been developed
for making these measurements. Some prior art systems
have mounted measuring devices such as accelerometers
and vibration sensors directly onto the model under test.
The output from these sensors is recerded and used to
detect static and dynamic displacements. However, the
addition of accelerometers and other vibration sensors di-
rectly onto the model cause erroneocus indications. While
these errors may be small for heavy structures, they are
large for thin, light structures. Hence, these types of prior
art systems are unsuitable for use with certain types of
structures.

The prior art has also used non-contacting sensors in
systems that are large and cumbersome, In addition, the
measurements are made at discrete points after a period
of time necessary for vibrations caused by moving the
probe to subside. Moreover, the signals from these systems
are fed into converters and switched by means of electro-
mechanical systems to provide the proper polarity. Be-
cause the response time of electromechanical systems is
long, they are undesirable for continuous readout which
occurs when the sensor moves over the surface of the
model under investigation in a continuous manner.

Therefore, it is an object of this invention to provide
a new and improved system for detecting and measuring
the structural deformation of a model.

It is also an object of this invention to provide a new
and improved apparatus for detecting and measuring the
structural deformation, either static or dynamic, of an
arbitrarily shaped model.

It is also an object of this invention to provide a new
and improved apparatus for detecting and measuring the
structural deformation of a thin light, arbitrarily shaped
model that is non-contacting and that can provide a con-
tinuous readout while continuously moving over the sur-
face of the model.
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SUMMARY OF THE INVENTION

In accordance with a principle of this invention, a non-
contacting apparatus for detecting the static and/or dy-
namic structural deformations of an arbitrarily shaped
model is provided. A servo-loop controlled non-contact-
ing deformation measuring sensor is located at a prede-
termined distance from the model. A second or referenced
sensor is also located near the model. The outputs from
the two senmsors are compared in a comparison means.
And, the comparison means generates an analog output
signal related to the comparison between the two signals.
Specifically, the analog output signal from the comparison
means is related to the structural deformation charac-
teristics of the model.

In accordance with a further principle of the invention,
the output from the comparison means is applied to an
electronic means wherein it is manipulated prior to ap-
plication to an electronic display device.

In accordance with another principle of this invention,
a novel means is provided for moving the non-contacting
deformation measuring sensor over the surface of the
arbritarily shaped model.

It will be appreciated by those skilled in the art and
others, that the use of non-contacting sensors reduces
error, because the sensors are not directly mounted on
the model under investigation. Further, the comparison
of signals from the con-contacting deformation measuring
sensor and the reference sensor results in the generation
of a signal that is directly related to the deformation of
the model. After suitable electronic manipulation, this
signal can be recorded on a recording means or displayed
on a display means. In addition, the inclusion of means
for moving the non-contacting deformation measuring sen-
sor over the surface of the model under test results in a
system that can be continuously read out while continu-
ously surveying the surface of the medel.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing objects and many of the attendant ad-
vantages of this invention will become more readily ap-
preciated as the same becomes better understood by refer-
ence to the following detailed description when taken in
conjunction with the accompanying drawings wherein:

FIG. 1 is a partially perspective and partially block
diagram of the servo-loop control system for the non-
contacting deformation measuring sensor of the invention;

FIG. 2A-D are perspective diagrams illustrating various
systems for moving the non-contacting deformation meas-
uring sensor over the surface of a model;

FIG. 3 is a partially perspective and partially block
diagram illustrating the comparison means of the inven-
tion; and

FIG. 4 is a block diagram illustrating the electronic
manipulating means of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 is a block diagram of the closed servo-loop con-
trol system of the invention that comprises a power supply
11, a reference generator 13, a three input summing amp-
lifier 158, a servo amplifier 17, and a servo motor 19. A
gear box 21 is connected to cne end of the shaft of the
servo motor 18 and a tachometer 23 is connected to the
other end of the shaft. The gear box 21 is attached to and
moves a rod 25 toward or away from a model 27 illus-
trated for ease of discussion as a flat upwardly extending
plate. One suitable method of creating movement of the
rod is for the teeth of the gears to interact with longi-
tudinal teeth on the rod. Mounted on the end of the shaft
25 is a non-coniacting sensor 29. Hence, as the shaft
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moves toward or away from the model 29, the sensor
moves toward or away from the model,

The power supply 11 is connected to the sensor 29 and
to one input of the summing amplifier 15. In addition, the
power supply is connected to an output terminal 31. In
operation, the non-contacting sensor 29 modulates the
output from the power supply 11 and this modulated out-
put is applied to the output terminal 31 and the summing
amplifier 15.

The output from the tachometer 23 is connected to the
second nput of the summing amplifier and the output
from the reference generator 13 is connected to the third
input of the summing amplifier. The output from the
summing amplifier is connected to the input of the servo
amplifier 17, and the output of the servo amplifier is con-
nected to the servo motor 19. Hence, the summing ampli-
fier, the servo amplifier, the tachometer and the servo
motor in cooperation with the reference generator and
the power supply comprise a closed loop serveo system.
That is, as the tachometer output signal changes, the out-
put from the summing amplifier and the servo amplifier
change. This change changes the amount of energy applied
to the servo motor 19. The change in energy to the servo
motor 19 moves the rod 25 and movement of the rod
maoves the sensor toward or away from the model. Move-
ment of the sensor changes its output signal and, conse-
guently its input signal to the summing amplifier. This
operation continues until the closed loop system becomes
stable; that is, this operation continues until a null is
achieved. When the closed loop system becomes stable,
the servo motor stops moving the sensor.

In accordance with the foregoing description, it will be
appreciated that, as the model 27 rapidly moves between
its dotted positions (illustrated in FIG. 1), the sensor
29 will keep a predetermined average distance from the
model and measure the deflection.

FIGS. 2A-D illustrate various apparatus for moving the
non-contacting defonmation sensor 29 of FIG. 1 over the
surface of various arbitrarily shaped models. FIG. 2A
illustrates a cylindrical model 33, such as a tube, located
inside of a circular track 35. The non-contacting deforma-
tion sensor, though not specifically illustrated, is mount-
ed on a trolley that moves along the track 35 and through
any appropriate means is moved around the periphery of
the circular model. For example, the trolley may include
a servo motor and gear arrangement that moves the sensor
about the model as the gears interact with teeth on the
track. Hence, the sensor moves around the model, along
the track, as it moves toward and away from the model
in the manner described with respect to the operation of
the sensor illustrated in FIG. 1.

The track 3% of FIG. 2A is movably attached to an I-
beam by a plate. The I-beam is fixedly attached to any
suitable support structure by means not shown. Means are
provided for moving the track along the I-beam in the
transverse direction of the longitudinal axis of the cylindri-
cal model, This latter means may include a servo-motor
gear arrangement mounted on the plate that interacts with
teeth on the I-beam, for example.

FIG. 2B illustrates a means for moving the non-con-
tacting deformation sensor about a conical model 37. A
turntable 51 is attached to a track 53 projecting from the
surface of the turntable at an acute angle (related to the
angle of the conical model). The turatable is moved by
a motor 55 through a gear box 57. As the turntable is
moved, it moves the track 53 about the surface of the
conical model 37. In addition, a trolley moves along the
length of the track by the servo motor-gear arrangement
described with respect to FIG. 2A, for example.

FIG. 2C illustrates a system for moving the non-con-
tacting deformation sensor about the surface of a com-
plex curvature model 39. A mounting arrangement 59 is
angularly attached to the top of a turnable 51 of the type
illustrated in FIG. 2B. The mounting arrangement 39 in-
cludes 2 curved track 61 with a curvature generally similar

o

10

20

o
<

o]
[

40

N
[*13

60

70

4
to the curvature of the surface of the model 39. As with
the embodiment illustrated in FIGS. 2A and 2B, the non-
contacting deformation measuring sensor is mounted in
a trolley that moves along the track while the turntable
moves the track. In this manner, the entire surface of the
model 39 is surveyed.

FIG. 2D provides an apparatus for surveying the sur-
face of a flat model 41. A turntable 51 of the type illus-
trated in FIGS. 2B and 2C driven by a motor 55 through
a gear box 57 is provided. A flat track 63 is mounted
on the top of the turntable 51 adjacent to the model 41
so that the entire surface of the model is surveyed.

The center of rotation of the turntables illustrated in
FIGS. 2B, 2C and 2D is on the axis of symmetry of the
model. Circumferential modal patterns are measured by
rotating the track around the model using the motor and
gear box. Meridional modal patterns are measured by
moving the non-contacting deformation sensor along the
track. Preferably, the turntable has a large diameter for
stability and can be mounted in any desired orientation.
In addition, it will be appreciated that various geometri-
cal track assemblies, other than those illustrated in FIGS.
2B, 2C and 2D, can be attached to the turntable. Hence,
the system is extremely versatile.

FIG. 3 illustrates a signal processing system suitable
for use with the invention and comprises the non-contact-
ing deformation measuring sensor 29, a reference sensor
71, a first amplifier 73, a second amplifier 75, a third
amplifier 85 and a gate 77. The output from the non-
contacting deformation sensor 29 is connected to the
input of the first amplifier 73. Similarly, the output from
the reference sensor 71 is connected to the input of the
second amplifier 75. The outputs of the first and second
amplifiers are connected to separate inputs of the gate 77
and the outputs of the gate 77 are connected to a pair
of terminals 79 and €3. The terminals 79 and 83 are con-
rected to positive () and negative (—) inpuis of the
third amplifier 85. The output of the third amplifier 85
is connected to an output terminal 87. In addition, the
output from the sensor 2% is connected to an cufput ter-
minal 81 to provide the feedback for the serve-loop sys-
tem illustrated in FIG. 1. The model under examination is
illustrated as an irregular line on the left portion of
FIG. 3.

The reference sensor 71 is fixedly mounted adjacent to
the model. The reference sensor 71, like the non-contact-
ing deformation measuring sensor 29, can be any type
of several types of non-contacting sensors such as capaci-
tive sensors, inductive sensors or optical sensors. In gen-
eral, the only limitation on the sensors is that the sensitiv-
ity of the sensors and their physical characteristics must
not compromise tests by bringing error into the analog
signal. Such error might occur if the model is light weight
and the sensor is directly attached to it.

The output of the reference sensor is amplified by the
second amplifier 75 and used to drive or control the gate
77. Hence, the gating device is driven at the vibrating fre-
quency and is in phase with the vibration at the input
of the reference sensor.

The signal from the non-contacting deformation sensor
29 is amplified by the first amplifier 73 and fed through
the gate 77 to either of the pair of terminals 79 or 83.
Signals applied to the third amplifier 85 from terminal
79 are positive and passed to the output terminal 87 un-
changed in polarity while signals applied from terminal
83 are negative and reversed in polarity. The output
from the amplifier 85 is a series of continuous half waves
which are positive if the vibrations at the reference trans-
ducer and at the moving transducer are in phase and
negative if the vibrations are out of phase. Thus, a low
ripple analog signal is obtained at the output terminal 87.
The magnitude of the signal is proportional to the sensed
motion of the model and its polarity is determined by the
phase relationship between the vibration at the reference
probe and the ‘moving probe.
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It has been found that the system illustrated in FIG. 3
has a very high response that does not degrade the signal.
In addition, it has been found that this system can
evaluate the phase lags in the vibration of the model
relative to the reference by evalnating the ripple magni-
tude of the output of the amplifier 85.

The output from the amplifier 85 of FIG. 3 is con-
nected to the signal processing network iliustrated in
FIG. 4. This signal processing network comprises a plu-
rality of operational amplifiers under the control of
various portions of the moving elements of the heretofor
described system, such as the movement of the troiley
and the rotation of the servo motor which maintains the
non-contacting deformation measuring sensor at a fixed
distance from the model. Each amplifier is identified by
a symbol which represents a function that either controls
the gain of the amplifier or denoctes the signal passed by
the amplifier. These symbols and their meanings are as
follows:

6 is the analog signal from the signal processing sec-
tion illustrated in FIG. 3. This amplifier has multiple
gain settings.

S is a DC voltage that is proportional to the distance
of travel of the trolley along the track. Preferably, a
linear potentiometer fastened to the trolley acts as a
variable gain control.

W is a DC voltage that is proportional to the rotation
of the servo motor which drives the moving transducer
to maintain a fixed distance between the transducer and
the model. Preferably, a linear potentiometer acts as a
variable gain control for this amplifier.

R and Z are two resistances that act as voltage dividers
used to proportion the S voitage into instantaneous com-
ponents of the radius (R) and the altitude (Z) of the
track from the turntable. Preferably, these resistance
voltage dividers are fixed for the cylindrical, conical and
fiat models and variable for the complex curvature model.
In addition, preferably, the gain of each of these amiplifiers
is unity.

C is a linear potentiometer driven by the rotation of
the turntable to convert the instaneous value of the radius
voltage to any equivalent circumferential voltage.

¢ is a sine-cosine resolver referenced to gravity that
is mounted on the trolley so that the signals & and W

can be resolved continuously into their vertical and horj- 4

zontal components regardless of the orientation of the
trolley.

# is a sine-cosine resolver driven by the turntable rota-
tion which is used to resolve signals (3, W, R) for polar
plotting in an X-Y plane.

A and B are summing devices with unity gain.

In addition to the operational amplifiers, the system
ithistrated in FIG. 4 includes a power supply 91, six
single-pole, double-throw switches (SPDT) 23, 95, 97,
99, 101 and 103, two single-pole, triple-throw switches
(SPTT) 105 and 187, a single-pole, quad-throw switch
(5PQT) 109, and two single-pole six contact switches
111 and 113.

The output of the power supply is connected to the
inputs of the S and W operational amplifiers. The output
from the S amplifier is connected to the common ter-
minal of the first SPDT switch 93. One terminal of the
first SPDT switch is connected to a first terminal 115
of the first six contact switch 111, The second terminal
of the first single-pole, double-throw switch 93 is con-
nected to the inputs of the R and Z operational amplifiers.

The output of the R operational amplifier is connected
to the common terminal of the first SPTT switch 165.
Ore terminal of the first SPTT switch 105 is connected to
the second terminal 117 of the first six contact switch 111.
The second terminal of the first SPTT switch 185 is con-
nected to the input of the C operational amplifier and the
third pole of the first SPTT switch is connected to one
input of the ¢ operational amplifier. The output from the
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G
C operational amplifier is connected to the third terminal
119 of the first six contact switch 111.

The ouput of the W operational amplifier is connected
to the common terminal of the SPQT switch 18%. One
terminal of the SPQT switch 169 is connected to a second
input of the ¢ operational amplifier. The second terminal
of the SPQT switch 109 is connected to one input of
the ¢ operational amplifier, and the third terminal of the
SPQT switch is connected to one inpui of the & opera-
tional amplifier. The fourth terminal of the SPQT switch
102 is connected to the first terminal 121 of the second
six contact switch 113. Further, terminal &7, which is
connected to the output of the signal processing network
of FIG. 3, is connected to the second input of the § op-
erational amplifier.

The output of the & operational amplifier is connected
to the common terminal of the second SPTT switch 107.
One terminal of the second SPTT switch 107 is connected
to a third input of the ¢ operational amplifier. The sec-
ond terminal of the second SPTT switch is connected to a
second input of the ¢ operational amplifier. And, the third
terminal of the second SPTT switch is connected o a
second terminal 123 of the second six contact switch 113.

One output of the ¢ operational amplifier is connected
to the common terminal of the second SPDT switch 95.
One terminal of the second SPDT switch is connected to
the fourth terminal 125 of the first six contact switch
111. The second terminal of the second SPDT switch
95 is connected to one input of summing amplifier A.
The output of summing amplifier A is connected to the
fifth terminal 127 of the first six contact switch 111.

The second output of the ¢ operational amplifier is
cornected to the common terminal of the third S3PDT
switch 97. One pole of the third SPDT switch is con-
nected to the third terminal 129 of the second six con-
tact switch 113. The second pole of the third SPDT
switch is connected to one input of summing amplifier B.

One output of the ¢ operational amplifier is connected
to the common terminal of the fourth SPDT switch 99,
One terminal of the fourth SPDT switch 99 is connected
to the second input of summing amplifier A. The second
terminal of the fourth SPDT switch 99 is connected to
the sixth terminal 131 of the first six contact switch 111.

The second output of the ¢ operational amplifier is
connected to the common terminal of the fifth SPDT
switch 101. One terminal of the fifth SPDT switch is
connected to the fourth terminal 133 of the second six
contact switch 113, The second terminal of the fifth SPDT
switch 102 is connected to a second input of summing
amplifier B.

The output of the Z operational amplifier is connected
to the common terminal of the sixth SPDT 163. One ter-
minal of the sixth SPDT switch 183 is connected to the
third input of the summing amplifier B. The second ter-
minal of the sixth SPDT switch 103 is connected to the
fifth terminal 135 of the second sixth contact switch 113,
Finally, the output of summing amplifier B is connected
to the sixth terminal 137 of the second six contact swilch
113.

The common terminal of the first six contact switch
111 is connected to an output terminal 139, Similarily,
a common terminal of the second six contact switch 113
is connected to a second output terminal 141. These first
and second output terminals are connected to any ¥-Y
plotting device such as an oscilloscope or an XY plotter,
for example.

In operation, the analog signal from the signal process-
ing system of FIG. 3 is manipulated by the signal process-
ing network of FIG. 4. That is, by suitably adjusting the
various switches illustrated in FIG. 4, various oufputs
can be displayed or plotted. More specifically, the analog
signal from the signal processing system of FIG. 3 con-
tains data related to the static and dynamic characteristics
of the model. And, by suitably adjusting the switches of
F1G. 4, this data can be displayed on either an oscilloscope
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of an XY plotier. In additicn, the swiiches can be ad-
justed so that data related to the location of the trolley,
+3 1

of

O1

e location the turntable, or other desired data can
be displayed, These displays are determined by the set-
ting of the various switches and are controlled by the
adjustment of the operational amp‘hﬁers Hence, the sig-
nal processing mmork illustrated in FIG. 4 processes
the signal from the combining system of FIG. 3 as well
as processes signals relating to the location and condi-
tion of the traveling sensor.

will ,pvcciah,d that the signal processing net-
work ifustrated in FIG. 4 is rather uncomplicated. By
muwav ad usting a plurality of simple switches, various
ion about the vibrational characteristics

of the model can be displayed. Alternatively, the switches
can bes adjusted so that data representing the condition
or location of the traveling sensor can be displayed. It

wiil also be appreciated that while the switches illustrated
in FIG. 4 are manually controlled, these switches can
;xim be m*omwﬁce.ﬂy controlled. That is, data can be
ssagentlal manner by sequennally, auto-
g the seftmg of the switches. Hence,
oe utilized in areas where human attend-

ted by those skilled in the art and
ve:«,,tion as hereinabove described is very
il 7. For example, one trolley to support
2 Non-Cor lmctn)g deformation measuring sensor can be
used for varicus geometrically configured tracks—the
track geometry being dictated by the model geometry.
In addition, in many environments, a single turntable can
{ with a plurality of tracks. Moreover, this system
employing solid state electronics can utilize small
rvo motors. Hence, the large, bulky servo motors of
systemns are eliminated. Further, many different
formats are available to the test engineer
invention. Finally, the accuracy of the over-
ood, it i3 only limited by the transducer or
vities and the signal-to-noise ratio of the

piix’k art
Giwﬁ
g mo
all system i
SENSOT Sens
systern.
While a specific embodiment of the invention has been
hereinabove described, it will be appreciated that the
invention can be varied within the scope of this general
Specifically, various other types of geometrical

o

teach
gurations can be surface surveyed by this system.

the

invention is not limited to the geometrical
coizﬁ"ﬂu s illustrated in FIGS. 2A-D. Further, signal
processing networks other than that illustrated in FIG. 4
w il be obwous to those skilled in the art. Hence, the

nvention may be practiced otherwise than as specifically
doscnbm herein.

What is claimed is:

L. Apparatus for surveying the surface of an arbitrarily
shaped vibrating model to provide information about
the static and dynamic surface deformation characteristics
of said arbitrarily shaped model comprising:

a mnonconiacting measuring sensor located near the
surface of said model at a measuring location for
producing electrical signals indicative of the vibra-
tions of said model at said measuring location;
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a noncontacting reference sensor located near the sur-
face of said model at a reference location for pro-
ducing electrical signals indicative of the vibrations
of said model at said reference location;

servo loop means connected to said noncontacting
measuring sensor for maintaining said noncontact-
ing measuring sensor a predetermined average dis-
tance from said model; and

means connected to the outputs of said noncontacting
measuring sensor and said noncontacting reference
sensor for reproducing the positive and negative half
cycles of said electrical signals indicative of the
vibrations of said model at said measuring location
as a series of positive continuous half waves if the
outputs of the two noncontacting sensors are in
phase and as a series of negative continuous half
waves if the outputs of the two noncontacting sensors
are out of phase whereby the amplitude of the out-
put of the last means is indicative of the amplitude
of the vibrations of said model at said measuring
location and the polarity of the output of the last
means is indicative of the phase of the vibrations
of the model at said measuring location relative to
the vibrations of said model at said reference loca-
tion.

2. Apparatus according to claim 1 wherein said means
for reproducing the positive and negative half cycles of
said electrical signals cocmprises:

an amplifier with a positive input and a negative input;
and

a gate for connecting the output from said measuring
sensor to said positive input of said amplifier while
the output from said reference sensor is positive and
for connecting the output from said measuring sensor
to said negative input of said amplifier while the
output from said reference sensor is negative.

3. Apparatus according to claim 1 including means
for moving said noncontacting measuring sensor over the
surface of said model to continuously change said meas-
uring location.

4. Apparatus according to claim 3 including means
receiving inputs from said means connected to the out-
puts of said noncontacting measuring and reference
sensors; from said servo locop means and from said means
for moving said noncontacting measuring sensor over the
surface of said model for processing and manipulating
these inputs for suitable displays on an oscilloscope.

5. Apparatus according to claim 4 wherein said means
for processing and manipulating includes cosine resolvers,
summing devices, potentiometers and switches.
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