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ABSTRACT

A strain gage capable of responding to deformations of low modulus

structures has been developed. The gage's active element is a thin, elec-

trically conductive fluid filled capillary which is encapsulated in a soft polymer

material. Devices have heen fabricated which possess useful strain range
in excess of 80 percent and are sensitive to strain increments less than 1
percent, Considerable .ttention has been directed to increasing the gage's
suppleness to insure a minimum of strain distortion in the gage's attachment
vicinity,

Presented in this report is a brief history of the elastomer gage
history, along with development trends., Also delineated are the gage's

fabrication and application procedures and the required readout equipment,

ii

o+ e s it e ot R




L
X
J»
.
:

St

%

P
A
¥

ik SRS

et >
LA M S

e

B
PSRN

ey,

N A o ol VT O Ty I e
S ARPIRN el

pi

> .
MEE AR SRR S

TABLE OF CONTENTS:

LIST OF ILLUSTRATIONS

LIST OF TABLES:

L. INTRODUCTION
II. DEVELOPMENT HISTORY
A, Background
B, Initial Concept
C. Liguid Metal Element Gage
D. Gage Evolution

111, CURRENT ELASTOMER GAGE TECHNOLOGY

HED QD P

Fabrication Procedure
Configurations
Characteristics
Application Procedure
Readout Equipment
Calibration

v, DEVELOPMENT TRENDS

A, Materials
B, Configurations
C. Applications
APPENDICES
A, Theoretical Behavior of the Elastomer
Strain Gage
B, Elastomer Gage Design Drawings
c.

Chronclogy of Elastomer Gage Development

Miiestones

B T T I T R S N G T P A U SRS o bR SOEA TR

=~ b bW

15

15
17
23
35
40
41

46
46

47
50

52
63

75

R AWt

wa.




LIST OF ILLUSTRATIONS

Elastomer Gage Prototypes
Elastomer Gage Mold Prior to Casting
Two Inherent Surface Gage Errors

Fixture for Applying Epoxy Spheres to Capillary
Filament

Elastomer Strain Gage During Various Fabrication
Steps

Single Element Elastomer Gages

Multielement Elastomer Gages (BM-! and BM-2)
Multielement Elastomer Gages (BM-3a and BM-3b)
Trielement, Elastomer Strain Module

Nominal Gage Resistance as a Function of Ele-
ment Length and Diameter

Calibration Curve for Strain Module P-2
Calibration Curve for Strain Gage H-1
Calibration Curves for Strain Module P-3
Theoretical Versus Actual Strain

Gage Resistance Change as a Function of
Temperature

Wheatstone and Kelvin Bridge Circuits
Caiibration Fixture for "H" Mocdel Gages

Elastomer Gage Calibration Technique

iv

e
R R Y SO T, i

12

16

18

20

21

22

24

27

30

31

32

33

37

42

44

45

.
bl -@"unﬁ




LIST OF ILLUSTRATIONS (Cont'd)

[Rpm——

Figure Page i
- !
Al Theoretical Resistance Response for Elastomer ’
Strain Gage 56 j
A2 Resistance Measuring Equipment Precision :
Requirement 59
A3 Apparent Strain as a Function of Temperatu. ¢
(Theoretical) 61




T e

i 1)
wn N (o) (')
mra [\ () 2] <3
o
*
3
T
Q
Q
o)
r
@ A,
: 3
- .
) = e
E Q o
Q. QO
-l 9 o
B Lol (7)) p
, b I S 3
[ g
S ¥ 2 ¥ o
G -
e ® 9 9
0 g © w© &
5| «¢ O 2 =
=
- L =1 [o]
7] o w A,
»
8 o = I
£ £ 5 O
g 5 3
0 L i o
o o H ol
- | 3] - ]
= o8 0 O
e *
ot
..w — o) o !
e
RO A N I k\mﬁ;i DR LT e~ oy B o i
_ . o e i st s oo st B R e s e sro bl L 25 s e TR GBRERAS, o .b




a .
NNt

2

PO
A

i aysies

b

RS

4
Y
£
R
ki

2y

3
b,
Er
R

AN )

ERRARTPEANE T NG

S
o < eaver Ween | A

AL
iy

iy

o g e RS

o

R G s T3 A A S Lot S

08 I o 0 SIS 5. 3 2o g L b T S e p S e ]

1. INTRODUCTION

In recent years, the neéd has become apparent for a device that
can detect and indicate strain variations in viscoelastic materials. Con-
ventional methods used for measuring surface strains on stiff materials
such as metals and concrete have proved ineffective when applied to visco-
elastic bodies which experience high elongations., This ineffectiveness can
be attributed to two basic gage limitations: (1) the available strain measur-
ing devices, such as wire or foil electrical resistant gages, have a
low useful strain range, generally less than 2 percent; and (2) the rein-
forcing effect of a relatively rigid metallic gage mounted on the flexible
viscoelastic member distorts the strain field under investigation.

For these reasons, it is evident that a new experimental technique or
innovation is needed in the rapidly expanding field of viscoelasticity to
enable the satisfactory retrieval of meaningful structural and mechanical
response intelligence.

Although the conventional SR-4 wire and {oil gages in their present
configuration are incapable of accurately indicating strain in structures
composed oi soft materials, the gages difficiencies can be attributed to
their construction (i, e., stiffness) and not to the pheromenon of relatiny
the device's calibrated resistance change to elongation, Since the elecirical
resistant strain gage has proved so versatile in the iaboratory from aspects

such as speed and accuracy of data acquisition and the capability of being
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monitored remotely and automatically, the gage elongation-resistance
change phenomenon has been retained as a desirable principle of the elas-
tomer gage. Therefore, the development effort has been directed to
making the electrical resistant strain gage more supple and able to sus-
tain a larger elongation range, Consequently, the wire and {oil grid sys-
tems, as well as the paper and phenolic carriers, were discarded in the
elastomer gage's initial concept., Instead of a rigid wire (or foil), an
active element composite of metallic powder and a polymer matrix was
cast and *.=ted., Later, the metallic powder composite was replaced by
mercuary and then by a liquid metal alloy. It was clearly demonstrated
in th: early experimental evaluations that the electrical resistance response
of the liquid metal element was similar to the relatively rigid wire gage;
in fact, the resistance change was determined to be a near linear function
of gage elongation over a majority of the strain range.
As with most developments, the gvolution of the elastomer gage
has been characterized by errati: progress, Generally, a breakthrough
in the gage configuration design or manufacturing technique would greatly
enlarge the device's potential. A brief history of this development is pre-
sented in Section II, with current gage technology described in Section III;
the development trends and gage potential are projected in Section IV,
Appended to the report are some theoretical gage aspects (Appendix A}

and the design drawings of the elastomer gages (Appendix B). A chronology

ot important elastomer gage development milestones is delineated in Appendix C,
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II. DEVELOPMENT HISTORY

wan s tmnm

: ‘ A, Background

5 t

‘ i In the elastomer gage development program, the fundamental use
J e

'. )vl . s 3

kb of the gage response phenomenon of relating elengation (or strain) to a
YL gag g g

&3 E,

3 By

: 3: resistance level remains unchanged. The primary research effort has
k&
£ been devoted to developing a gage configuration that is practical and

'f ‘t:

’I' (;f reliable. Accordingly, there are several elastomer gage characteristics
S

¥ 13

% which have received special consideration:

§

g (1) The gage should possess anoptimumbalance between strain
f‘ sensitivity and useful range.

% . (2)  The device should be supple for a surface-mounted application;
e for an embedded use, the gage body modulus should match
) * the specimen's modulus.

N . et

v (3) For a more universal application and for use on structures
5 1 with high strain gradients, the gage's geometry should be of
' a miniaturized size,

K 9 .

? ; (4) The gage configuration should permit its attachment to speci-
? ! mens to be performed in a compatible and precise manner.
§~ (5) To sustain normal handling and application stresses, tie

& gage should be compact and sturdy,

T

, ' (6) Simplicity should be emphasized in design and fabrication

5: details to effect gages with reproducible characteristics,

It is apparent that some of these characteristics such as gage
sturdiness and suppleness are in direct conflict, and hence certain trade-
offs have been necessary in the gage development, Also, it has become

clear that no one gage configuration possesses the desired elastomer gage
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properties for all applications, and hence several devices have evolved,

each with a somewhat limited application.

B, Initial Concept

To circumvent the relative stiffness of the wire or foil gage, the
initial elastomer gage concept war sased on a scheme which replaced the
integral wire element with a metallic powder conductor, the thought
being that the powder conductor would exhibit the typical strain gage
electrical resistance change but with a much lower modulus. In order to
impart an elastic characteristic to the conductor, the metallic powder
was dispersed in an elastomeric matrix,

Tha powder conductor, approximately 1/16 in. in diameter and
2 in, long, was prepared by adding aluminum powder to an uncured
polyurethane elastomer at a ratio of 80 percent powder and 20 percent
elastomer (by weight), After being cured, the cylindrical composite
strand of elastomer and aluminum particles was evaluated but was found
to be nonconductive, It is surmised that, with the utilization of a con-
ductive pigment of silver in lieu of the aluminum particles, a successful
model would have resulted., Nevertheless, the metallic powder concept
was discontinued in favor of a more promising liquid metal element
approach.

C. Liquid Metal Element Gage

The liquid metal element strain gage concept is based, at least

partially, on the same p+inciple as the conventional SR-4 wire strain
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gage. That is, as the gag: body elongates or shortens, the small capillary

containing the conductive liquid deforms in length and cross-sectional

areca, This deformation of capillary geometry results in a predictable
variation in the liquid element resistance; furthermore, the resistance
chaage is a direct function of the gage's axial deformation,

In order to demonstrate the validity of this concept, a prototype
model was designed, fabricated and tested. The initial gage configurations®
consisted of a small inside diameter, thick-walled elastomer tube filled
with mercury. The prototype gage capillary was formed by casting a
small diameter wire in the elastomer body. After stripping the wire from
the body, the capillary was filled with mercury., Terminal wires
(approximately equal to the capillary diameter) were inserted a short
distance into the fluid element filled capillary from cach gage end; the
connections were sealed and the wires securely attached to the gage body
by a polyurethane potting application, As expected, the electrical resis-
tance of the mercury column changed as the elastomer device was axially
deformed. The model exhibited clearly discernable and measurable
resistance change values for elongations up to 100 percent, Three of the
early prototypes are shown in Figure 1; the metal channels attached to
the uniaxial gage are to provide a positive means to geip the device

during testing,

#See Appendix B, Gage P-1,
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D. Gage Evolution

The first working model of the elastomer gage revealed three fea-
tures that required refinement in order to make the device useful as a
research tool: (1) the contact between the terminal wire and the fluid
element was erratic and deteriorated with time; (2) the conceptual proto-
type was large, cumbersome and impractical for most applications; and
(3) the device was insensitive to small strain increments, Consequently,
the primary effort in the elastomer strain gage development program has
been directed to these problem areas,

1. Terminal Contact

The electrical contact between the conducting fluid and the
terminal wires was erratic in the initial prototype gage due to the wire-
mercury junction detail, Since the wires were approximately the same
diameter as the capillary, the wire-fluid contact surface was limited to
the small area at the wires' ends, particularly when the capillary diam-
eter decreased as a result of gage elongation. To circumvent this
deficiency, enlargements or reservoirs were formed at the capillary
extremities to house the connection, With this arrangement, the wire
to fluid centact surface is larger as it extends along the wire for a short
length and is less influenced by the gage's eclongation., The effective
gage length is determined by the distance between reservoirs.

The deterioration of the terminal connection was attrib .ted

to the chemical reaction between the mercury or mercury basc alloy and
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the copper terminal wire, After exploring several terminal wire mate-
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rials, platinum was substituted for copper in the gage construction since
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platinum, in the presence of mercury, is essentially chemically inert,
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RSN

With these modifications, the terminal contacts have hence exhibited

SR

—— o

positive and stable characteristics.

e

e s ey

2. Miniaturization

A "macaroni" or thick-walled tubular configuration was

= ’ utilized as the gage body of the initial prototype device. Although this

i device demonstrated the validity of the elastomer strain gage concept, it
was crude and posses'sed limited capabilities for immediate use in the
- laboratory. A more practical gage configuration was needed from the

A aspects of both fabrication and application. In place of the tubular design,
. ‘ a gage body with a flat, rectangular cross section and with a small

4 circular capillary formed along its major axis was developed, This
particular shape was easily fabricated (thus ‘ecreasing the fabrication
attrition rate and improving the gage reliability) and easily bonded to a
test surface,

b In Figure 2, one of the earlier gage body molds is shown

4 just prior to the casting of the polyurcthane elastomer. The small diam-

i eter wire, strung through the hypodermic needles and through the center

el b

gl

of the mold, formed the gage clement capillary; the hiypodermic ncedles

i

b formed the housing for the terminal wires--element fluid contact,
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Prior to casting the elastomer, the model surfaces were coated with a

releasing agent to facilitate the post-cure stripping operation, After the

elastomer had been cast and cured in a vacuum-heat environment, the

3 é '

; . wire and hypodermic needles were withdrawn from the gage body leaving a
Y thin capillary and two contact housings.

‘ In the miniaturization process, certain changes have becen

made in the overall design and in the casting procedures, The thickness

of the basic gage body was reduced from 0,125 to 0,018 in, and the

W -

width from 0,250 to 0,125 inch. For standarization, a gage length was

53 5:' <]

arbitrarily set at a nominal 0,50 inch., Another innovation was the

oL R PO e

change in reservoir geometry, In the preminiaturized gage, the reser-

oy R

voirs were cylindrical (15-mil diameter) and extended from cach end into

e
333

BN

the gage body 0.25 inch, In the gage evolution, these reservoirs were

34
L

changed to spherical cavities approximately 10 milsin diameter. After

g

filling the capillary and spherical cavities with the fluid metal and the

y

Wt o &

S SORTEIR

terminal wires are inserted into these cavities, the entire gage assembly

e M

is encapsulated in polyurethane and then cured. 'The finished gage has
- overall dimensions of 0, 1875 in, X 0,030 in, X 1, 00 inch,

A most important objective of the miniaturization process
has been to improve the suppleness® of the surface-mounted clastomer
gage. As any integral device bonded to a test surface reinforces and,
% hence, restricts the test article deformation, it is desirable to employ

“As defined in this report, suppleness is measured by the force required
to clongate a gage tc a unit displacement (i.e., grams per l-percent strain).
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a device with a minimum structural stiffness in order to limit this

"distortion" effect to an acceptable level, Although the stifiness of the
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o

clastomer gage is a function of both the polymer modulus and the gage
cross-sectional area, only the gage area has been adjusted; nevertheless,
this adjustment has been quite effective. Asg an example, in changing

% the gage's area dimensions from 0,125 in, X 0,30 in, to 0,185 in, X

; 0.030 in., the section area (and hence the stiffness) was reduced by a
factor of 6.45, and the suppleness of the small device was determined to
be 3.52 gm per l-percent strain,

Another aspect of the strain gage which is directly related
to miniaturization is the separation between the gage element and the
test surface, As illustrated in Figure 3, two different types of gage
indication errors are introduced by this separation distance., In the first
type, the gage element does not elongate to the same dimension as the
specimen surface due to shear lag in the elastomer gage body. For the
flexure case, the gage element elongates more or less than the test sur-
face depending on its radius of curvature, In both cases, the error is
directly proportional to the separation distance., It has, therefore,
been a development objective to arrange the gage element as near as
possible to the attachment surface,

3. Sensitivity
To increcase the resistance change per unit strain

(ohms per l-percent strain), it is apparent from theorectical
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considerations* that the nominal gage resistance must be increased. Three
approaches have been explored as mecthods to increase the gage resistance;
these are: (1) employing an element fluid with high resistivity, (2) reduc-
ing the capillary's sectional area, and (3) increasing the active element
length,

To date, the selection of an element fluid has been limited
to those materials which are compatible with the polyurethane gage body,
Water and oil base fluids have been found to cause sv;/elling and deteriora-
tion of the elastomer in the vicinity of the Eapillary. Mercury and mer-
cury base alloy fluids, on the other hand, have resulted in stable gages
with shelf life exceeding several months, Although polyurethane exhibits
desirable elastic properties and has been extensively utilized in the gage
development program, other elastomers are available and may be recep-
tive to a broader range of conductive fluids,

The early attempts at fabricating transducers with small
diameter capillaries failed because the capillaries could not be properly
filled with the mercury fluid., Mercury, possessing a high surface tension,
was limited to capillaries of about 6-mil diameter or larger. However,

a mercury base alloyt was found to have a low surface tension and over-
came the capillary filling operation difficulties. (This mercury alloy,

due to its wetting action, also provides a better electrical contact with

“Sce Appendix A.

TMercury-indium-thallium..
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the terminal wires.) Capillaries as small zs 1-mil diameter have been

successfully cast and filled. As expected, the smaller diameter capillaries

have resulted in higher resistance gages (from 0.4 to 10 ohims or more). :

év‘ The third method employed in improving the elastomer gage

¢ sersitivity has been to increase the active element length, In order to ;

maintain a compact gage (and the 0,5-in, gage length), a multielement

4 e g s

-~

configuration has been devised in which several paralle! (and coplanar)

elements are connected in series, The total gage resistance is, of course,

st AW A g W RS T TR ST

-y

a summation of the individual element's resistance. Essentially, the
same procedures are used in making the single and multielement gages.

4, Large Strain Capabilities

; Examination of the dimensional changes of the miniature
elastomer transducer undergoing strain shows that undsr small or

S moderate axial movements the terminal wire position in the liquid metal

reservoir changes insignificantly, However, under high levels of strain,

3 the rigid wire has the tendency to move out of the reservoir as it is

E pulled axially through the straining elastomer gage body. This "with-

$

: drawal" of the terminal wire at high orders of strains resulés in erratic

resistance indications and/or loss of contact with the coi.ducting liquid.

To obviate this tendency, the terminal wires are presently it.eried

through the wa;lls of the reservoir from the side and perpendicular to the

gage axis, This slight aiteratior has extended the range of strain measure-

| ment up to the point of gage body rupture,
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III. CURRENT ELASTOMER GAGE TECHNOLOGY

15

The current elastomer strain gage technology represents the fruition

of at least two generations of gage development. Until recently, the gage
concept was only a promising experimental technique with the initial
prototype gage no more than a laboratory curiosity. However, innovations
in the fabrication techniques have provided the experimenter with a useful
and important laboratory tool. The contents of this section are devoted to
presenting a brief summary of the elastomer gage and its more important
properties.

A, Fabrication Procedure

Various techniques have been employed in the gage manufacturing
process. An ever present objective in the fabrication procedures has been
to develop an effective but simple method to build consistent, reliable and

accurate devices. The procedure presented in this section has been

utilized for the past year and has produced a high quality and effective item.

In the initial elastomer gage fabrication step, a filament, which
forms the gage capillary, is suspended in a fixture and held in a tension
condition by springs (Fig. 4). Small deposits of uncured epoxy are applied
along the filament at precise intervals; due to the epoxy's high surface
energy, the deposits develop into near-perfect spheres of approximately
10 mils diameter. These spheres form the conductive fluid reservoirs,

and the distance between two spheres establishes the device gage length.

W A N s ol
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After the epoxy spheres have cured, the filament is positionad in the gage
body mold and held taut by tension springs. All surfaces which will contact
the polyurethane are then coated with a thin Teflon film. After tein

filled with the polyurethane, the mold is placed in a vacuum oven {235°F)
for 2 hours for curing.

The gage body is shown in Figure 5a immediately after it has been
stripped froin the mold. The filament and epoxy spheres are removed
from the gage body in two steps: (1) the filament is pulled at one end until
a sphere is exposed and severed, and (2) the remaining epoxy sphere and
filament are then pulled free of the gage body from the opposite end.
Excess material is trimmed from the body (Fig. 5b), and the capillary
and reservoirs are filled with the metallic fluid (Fig. 5c). Platinum
terminal wires are inserted into the reservoirs and metallic fluid (Fig. 5d).
To provide a sturdy device, the gage body and terminal wire assembly is
encapsulated in polyurethane and once again cured in an evacuated oven.
This encapsulation provides a seal for the element fluid and anchors the
terminal wires to the gage body.

B. Configurations

All clastomer strain gages presently be produced employ the same
basic metallic fluid element; ouly the diameter, gage length and arrange-
ment of the capillary elements vary. However, elastomcr gages are
classified according to end-use into surface-mountable and embedable

devices.

»
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1. Surface-Mountable

This type of gage is designed to be attached to the surface of

a specimen with a suitable adhesive. In cases where the direcztion of strain

is known, the uniaxial gage (either a single or multielement device) can
be employed with the axis of the element(s)being aligned with the direction
of strain. For the biaxial strain problem, either three uniaxial gages can
be arranged at 45° increments and bonded separately to the specimen or

the three gages can be combined within a module (at 45° increments) and

the module attached at the location, this latter approach is preferred

from standpoints of accuracy and convenience of installation (Fig. 1).

In Figure 6, two single element gages are shown. The top
device has a 2-mil diameter, 0.50-in. long element, while the lower gage
3 has a 1-mil diameter, 0.10-in. long element. To be noted is the different

methods of .atroducing the terminal wires into the reservoirs. A ten-cent

coin is shown in the figure to provide a size reference.

- Four stages of the multielement gage are depicted in

' \ Figures7and 8. Gage Model BM-1 uses an external bus arrange:inent to
connect the elements in series. For BM-2, internal platinum buses jcin
the appropriate elements; also, the terminal wires are inserted through the

gage wall into the reservoir instead of along the extended capillary. The

neced for buses is eliminated in the BM-3a and BM-3b models as the
H appropriate reservoirs' spheres intersect (Fig. 8). Again, note the
i different methods of inserting the terminal wires into the reservoirs.

:
7
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FIGURE 7. MULTIELEMENT ELASTOMER GAGES
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: § 2. Embedable Device
K ; The surface-mounted gage is a sufficient instrument for
b
: v
3 ) retrieving data from thin structure in which the strain variation between
p surfaces is negligible. However, new breeds of structures arec coming
. into existence which are composed of relatively soft material (compared
]
3 to metals). In many of these structures, the thickness of the walls is
3
significant, an example of such structures 1s the solid propellant grain.
i .
k< In these cases where the strain variation between surfaces becomes less
:
definative, an experimental ool such as the orthogonal strain module is
.
4 needed to acquire the strain gradient An orthogonal strain module is
3
2 designed to acquire the necessary strain intelligence to permit the computa-
3
b tion of the three principal strains. Four elements (thrce orthogonal) are
required 1If the directions of principal strain are unknown (Fig. 9).
{
3 N « L
i Since the gage 1s embeded and occupies a finite volume of
ol
4 structural material, the gage modulus should march the structure material
g
’:
modulus to minimize the three -dimensional strain field distortion. Although
2 this requirement cntails the tarloring of a gage modulus to each application,
this flexibility 1s available 1n polymer technology nevertheless, it is an
3 added restriction.
: C. Characteristics
E
by B H : 2
i) The elastorer gages’ more important characteristics are delincated
in Table 1. All of the gage configurations from the ecarliest conceptual
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: ; prototype (P-1) to the more recent BM-3 models are compared. Besides
E ;

.

E T the gages' geometry and fundamental features such as element length and
,'5 fl . . ' .

; i diameter, the table presents data on nominal resistance, strain range,

A strain sensitivity and gage body suppleness.

»

‘ 1. Nominal Resistance

;‘ ! Nominal resistance 1s important in strain gage selection as
E

: . it establishes the gage strain sensitivity: and, consequently, the precision
! requirement for the readout instrumentation, the srnaller the nominal

2
4§ : :

S : resistance, the more precise and sensiiive the resistance meters must be.
3 ‘

o The actual nominal resistances have varied in a random

g pattern about the theoretical valuel. This variation can be attributed to

3 the relatively unsophisticated gage fabrication process. As the element

,'; diameter has been reduced (the conductor resistance increases as the
clement diameler decrcases), shorter gage lengths have become possible
A without sacrificing the magnitude of nominal resistance. Figure 10 shows
'} .

the advantage of the smaller diameter clements.

1 .

2. Current Capacity

. In the test of four 2-mil diameter element, 3-ohm gages, the
¥ maximum current capacity was determined to be in excess of 300 ma.

&;

c Continuity was broken at 400 ma for three gages and 500 ma for the last

“ device. After a 30-munute recovery period, all four gages were checked
Sce Equation A.8, Appendix A,

- [Equation A. 1, Appendix A for the Hg-In-Th alloy, p 1s 328 ohms-mil-foot.
\:
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R E
& and were found to have reestablished continuity with resistances equal to
B L
pe 3 . .
= b the pretest values. This temporary loss of gage element continuity was
3 2
S probably caused by degassing of the polymer gage body Jdue to high localized
p heating of the element, it is suspected that gas pockets formedacross the
X element areaand interrupted the circuit. When the excess temperature was
-

dissipated, the gaswas absorbed into the gage body, and the element circuit

ES .

R
v s Wi T R S

was restored.

L3 gt
ey

4 § The 400-ma current capacity has posed no restriction on the
; elastomer gage. Generally, a current of 20 to 50 ma has been determined
: K to be adequate and sufficient to activate the device and to acquire the desired
~ response signal.

. 3. Suppleness

For the gage configurations currently being fabricated, the

r ‘ suppleness of the gages with zero shelf life ranges from 3 to 15 gm per

- l percent strain. As the gage body ages, the material modulus (and thus

ﬁ | the suppleness value) increases. The rate and magnitude of this aging

X

§ , process 1s unknown, however, it is believed little if any gage body degrada-
) 5 tion occurs in the first 30 or perhaps 60 days of shelf life.

4 : With present gage designs, especially the single element

‘ devices, the suppleness value can be significantly improved (lowered) by

. reducing the gage width, However, the reclatively wide gage (0.187 in.) is
‘ a sturdy device which has a tolerance for rough handling. As the nced for
more supple gages becomes known, the gage scctional area can be reduced.
4
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4. Strain-Resistance Change

Due to unavoidable variation in gage fabrication procedures,

cach elastomer device has demonstrated distinct characteristics such as

nominal resistance. Because of this fact, it has been necessary to establish

the strain-resistance change relationship by subjecting each gage to a
calibration procedure. (The calibration procedure is described in SectionF.)
Data from such a calibration process is plotted in Figures 11, 12 and 13
for three early model gages. With this information, iae resistance of an
applied elastomer gage can be converted directly to strain. Although the
calibration procedure is effective, it requires a considerable effort.

An alternate to the calibration procedure has been under study.
The method would utilize an analytical approach but maintain some reliance
on experimental data. As presented in Appendix A, the theoretical strain

can be computed by the following expression,

- JE
R,
where
€ - strain

Ry and R - nominal and strained resistances, respectively
This formula takes into consideration the higher order strain terms.
A plot of the strain computed from the resistance variation

of a 2-mil gage is compared to the 1.1 correlation curve in Figure 14.

A
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3 FIGURE 11. CALIBRATION CURVE FOR STRAIN MODULE P-2
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] The error in the theoretical prediction is the vertical distance between the

k- N curves. As an example, for a ture strain (abscissa) of 40 percent, the

v ' strain value computed from experimentally derived resistance measure-

3

b\ ments (R, and R) would be 38. 3 percent or a strain error of 1.7 percent.

; The cause of this discrepancy is undefined. N ertheless, the theoretical

strain expression can be modified with a corrective constant to bring the

3 two curves into agreement.

E 5. Pneumatic Pressure Effect

Possible applications of the elastomer gage would situate

3 the device in a pressure environment. Experimental investigations per-

3 formed on attached and unatiached gages in pneumatic environments up

‘23

‘ to 500 psig indicate there is no change in gage resistance. However, one
gage became operable upon release of the test pressure, for this case,

1t was conjectured that gas was entrapped in the element capillary during
the pressurization stage, expanded at depressurization and forced a dis-
continuity in the gage element

t Temperature Eftects

Temperature variations in the elastomer gage and the gage

ciromt are critical as they produce changes in the measured resistance.

g This resistance variation is generally referred to as apparent strain and

g mist be either corrected or compensated for in electrical strain gage

3 applhiations. AsdescribedinAppendix A, a 4°F change in ¢lement tempera-

ture will produce a 0. 1-percent apparent stramn.
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In Table 2, some typical electrical properties are presented
for metals used in the gage construction. To be noted is that the coefficients
of resistance for platinum and copper (terminal wires) are greater than
three times the value for mercury. Hence, it is imperature to control
not only the temperature of the gage element but also the lead and terminal
wires.

A plot of the resistance change-temperature variation is
shown 1n Figure 15 for Gage H-35 At lecast a portion of the variation in
the data can be attributed to the degassing and gas absorption process
occurring in the polymer gage body.

D. Application Procedure

Bonding an elastomer gage to a test article is a relatively simple
task but must be performed correctly if the gage is to respoad 1n an
adequate manner The adhesive material musi be capable of transmitting
a sufficient shearing force across the te<t article-gage boundary to clongate
or compress the elastomer strain sensor. At the same time, the glue line
should exhibit a modulus approaching that of the gage or the test arficle in
order to preclude a reinforcing ply. Further, the glue line should be a
minimum thickness to minimize the errors of shear lag and flexure
distortion.

One procedure that has been utilized with success is described 1n

Table 3. The adhesive material presented in this method is a contact
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GAGE H-35
SEQUENCE OF DATA
3 POINTS INDICATED
i 20 ' BY NUMBERS

50 100 150 200 250 300
3 TEMPERATURE (°F)

E FIGURE 15. GAGE RESISTANCE CHANGE AS A FUNCTION
OF TEMPERATURE
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TABLE 3. SURFACE-MOUNTED GAGE
APPLICATION PROCEDURE
1. Clean the attachment surfaces of the elastomer gage and the test

: article with an organic solvent (i.e., acetone) to remove surface
. debris and grease.
%
‘ 2. With a fine grit paper, roughen the attachment surfaces.
‘
3 3. Position the clastomer gage on the test surface in correct alignment,
: and establish reference benchmarks in the near vicinity of the
b placement.
:
4 Clean the test surface again with the organic solvent taking precaution
3 not to disturb the benchmarks.
.
= 5. Apply a thin film (approximately 1 mil) of contact cement* to the
elastomer gage and the test article attachment surfaces, and allow
3 films to dry for 15 minutes.

6 Carefully align the elastumer gage with the benchmarks, and bring

the cement coated surfaces together. Apply a slight hand pressure
to insure a positive bond with a minimum film thickness. The gage
is immediately ready for service.

*Weldwood All Purpose Contact Cement,




- T e o s R A———————eaerreeee SRR R i
:

34

S %

E 39
R

E

M

L

H cement. Although polyurethane has been used in some applications, contact

cement has been found to be preferable for two reasons: (1) the contact

:é

; cement application can be accomplished well with a 1-hour period while
: t the polyurethane method requires more than 2 hours, and (2) the contact
uj ! cement procedure results 1n a thinner film (usually less than 1-mil thick-
{ ness).
: The placement of an embedded elastomer module is usually per-
i "
& " formed by one of two schemes. In one, the finished module is supported
‘ In a precise position and orientation in the test specimen mold by the
module elements terminal wires and/or auxiliary strands, polyurecthane
z for the test specimen is then cast and cured. Segmental casting is employed
3
" as an alternate method. A portion of the test article is cast and at least
j Q partially cured to a state which will support the transducer placement,
: after positioning the gage on the first casting, a second casting of poly-
urethane (or test article material) is performed to complete the model.
| Both schemes are not entirely satisfactory. In the first, the terminal wires
x and strands remain in the model in a taut condition and thus provide some

:

; undesirable reinforcement. In the second scheme, scgmental castings

have been shown to contain residual shrinkage stresses at the interfaces.
Nevertheless, models constructed and instrumented by either scheme can

provide meamngful and important information.
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E. Readout Equipment

The elastomer strain gage response phenomenon (electrical
resistance change) is probably one of the more universally employed
analogs. Nevertheless, a fundamental understanding of the interaction
between the two basic components (strain gage and readout equipment) is
required in the selection, application and utilization of the strain gage in
order to avoid or at least minimize the system inherent errors.

Certain recadout equipment characteristics are considered critical
in the strain gage circuitry design. In addition to the requirement that the
resistance meter must accommodate the gage nominal resistance and its
expected variation (up to 400 percent), the readout equipment must possess
the sensitivity and precision to detect and respond in a repeatable and pre-
dictable manner to a resistance 1increment which is equivalent to a desired

strain sensitivity The excitation current must be Iimited in magnitude and

application duration to minimize the temperature buildup in the gage. Another

consideration is associated with the circutry wiring connecting the strain
gage with the readout equipment. This lead wire resistance adds ballast to
the circuit thereby decreasing the readout sensitivity, and the lead wires
are subjected to thermal variations which in turn produce erroneous
apparent strain indications.

In the initial prototype gage evaluation, a Simpson ohm meter was

used as the readoutl equipment due chiefly to its availability. However, it

- R ————— + <
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i was apparent that a more accurate device was nceded. Subsequently, a

s ¥

R e

3 é Kelvin and a Wheatstone bridge were used with success.

N

p Three variations of the Wheatstone bridge are shown in Figure l6.

it Basically, a variable resistor is adjusted to compensate for an increase or
4 decrease in the active gage resistance, this adjusiment maintains a zero

i current flow across the galvanometer. The Kelvin bridge, also schemat-

5 4

i

b ically shown in Figure 16, overcomes an inherent faull of the Wheatstone

3 :

3 ; bridge A two-step measuring procedure (Figs. 16d and 16c) automatically
i

b 4 cancels the sirain gage lead wire resistance from the circuit, and thereby
. .

\ increases the readout equipment s sensitivity, especially for low resistance
b gages However, it is to be noted that a double lead wire is required for

b

A the Kelvin bridge system.

In either system, the elastomer gage should be monitored at
discrete itervals and with a minimum of circuitry current (i. e., less than
50 ma, possibly 5 ma) ito prevent iemperaturc buildup across the gage.
F. Calibration

Within the rather limited elasiomer gage fabrication experience,
the performance of each device has been found {o deviate in a random pattern
from the theoretical predicted behavior 1s is surmised this variation can
he attributed to an undefined fabrication detail inconsistency. Nevertheless,
this deviation characteristic necessitates the calibration of cach device 1n

order to establish its unique resistance change-strain relationship.

P R R LR
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; Several calibration techniques have been employed with the same

objective of elongating the device in precise displacement increments and

measuring the gage resistance at each deformation stage. The main

o
e

A difference in these techniques has been in the methods of gripping the device

or attaching the gage to a test band. One technique which was used with

an early prototype gage is shown in Figure 17,
Recently, a different procedurehas been employed with satisfactory

. results A gage is fabricated with extended ends or tabs (Fig. 18a), and

the device is bonded to an elastomer strip only in the region of these tabs

k- (Fig. 18b). After being monotonmically elongated and the resistance change
data are acquired, the gage is removed from the calibration configuration
k. by cutting the device at the tabs. A calibrated gage, ready for application,

is shown in Figure 18c. This procedure calibrates the device in tension
only, the gage compression characteristics must be determined from

3 analytical expressions.

-




44

N . L, - et T RPTTgS - a2 A 4 SO S gt # PPN ¥ S N P
IR SR S it o S0 b AR 2 p e B VS o S e S o S e B i - AT ¥ MR ERRARLN

SEDOVO THAOW wHu ¥0Jd TYNLXIA NOILVIIITYVD L1 J9dNoOig

et §
68E€2-D “\....,A?

Reproduced from
best available copy.

SEAN RN T Lt 4% 0 .-

,v BT S 2ot n s s R

\ae R

¥

PR
N *




Rl )
AP 4

e ‘?._ w‘%»n

ek ae

e P SR

TAS ARES \7'.4/9 A2 &L

t TN AT e o ]

L) FORE Sl BRATION EDAL I ELI/RAT 1D S

Lot IDE&E /D
/RES /I OASSE T
\
H
YNBONDEDS ) S,
r--~-*-m=¢,~a-; B Lop = TASTOIER ThE
_..__.._L_J "':"::'" é——- | &L A ST oATE/R,
..C.‘AL/GRJ?‘/OA/
-

} STIR IS e

i
|
I

() CALIBRATION 7P AR GRS T S A ENS B

~— r_/
[—‘,:L‘:-::-:_::.:: = =
N —
E‘:C':’.- e, 2= Do o]

() PPOS T AL’ B/RATIDON DA FLS AT/

FIGURE 18. ELASTOMER GAGE CALIBRATION TECHNIQUE




— [T VSV I SIPRIUP S SEE S AP AL S et i e M L\

46

-
v

e it O
A s
. e

R e

IV. DEVELOPMENT TRENDS

a—

; In its present stage of development, the elastomer gage can acquire

strain intelligence which is meaningful and useful in the viscoelastic struc-

tures field. On the other hand, there are gage characteristics that need

additional exploration to further enhance the device's capabilities and

performances. Several of these ideas arc presented to indicate the possi-

ble direction of future elastomer gage development trends.

A, Materials

Only a limited number of materials have been employed

.. ; in the gage construction to date. The objectives in the program have been

to verify the gage concept and to produce a working model. Most research

attention has been directed to finding one material system which results in

an acceptable gage and then providing the necessary controls to produce a

consistent product. Hence, relatively little effort has been devoted to

selecting and experimentally evaluating the spectrum of materials that is

available for the gage body.

The polymer which has been so extensively utilized, polyurethane,

does exhibit a number of remarkable and desirable properties such as

modulus and transparency. However, polyurethane is sensitive to oil and

water base solutions which causc the material to swell and deteriorate.

Hence, the elastomer gage made from polyurethane cannot possess active

elements {illed with these fluids or be exposed to their environment.




g - There are, undoubtedly, other polymers which possess the desired

mechanical properties (modulus, etc.) and which are inert or resistent
to a broader range of fluids and environments. One prospective material,

fluorosilicone, is compared with polyurethane in Table 4. Likewise,

i there may be other element fluids which have a higher specific resistivity
i,x ¢ and can be substituted inr the mercury base alloy.

| ‘ .‘ B. Configurations

} ) Within the purview of the elastomer gage composed cssentiaily of
~. a small diameter, liquid metal filled capillary, there are several indicated

modifications which could improve one or more aspects of the gages per-
formance.
1. Gage Length

The present elastomer gage generation, with the established

0.5-in. gage length, has a broad and general application. however, this

0.5-in. dimension was set when the gage maximum nominal resistance
2 was less than 1.0 ohm as only 6-mil diameter capillary gages werc being

fabricated. With the evolution of the smaller diameter capillaries (1.0

mil) and the corresponding increase in gage resistance, the need to main-

tain a relatively long gage length (0.5 in.) has become less restrictive.

It is presently within elastomer gage technology to fabricate sensors witha
1/8-in. gage length and having a nominal resistance exceeding 1 ohm.

However, further improvement in this arca is desirable.
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2. Gage Thickness

e

The spherical reservoirs which are located at the gage length

X

3
X
P
A
ot
%
K
I
b2
>:‘.’
7,
s
¥
e

extremities (and determine the gage length) serve as housings for the lead
wire--element fluid connections. Presently, the diameter of these spheres
is approximately 10 mils and, hence, at least five times the capillary
diameter. As the reservoirs are contained within the gage body, the
sphere's diamecter establishes a lower limit for the gage body thickness.,

In order to develop a gage with a further reduced "reinforcing effect'" when
applied to a supple surface, « direct approach is to reduce the gage's
scctional area. Furthermole, o reduce or minimize ""shear lag' and
flexural distortion, the thickness of the gage chould be reduced. It is
apparent that a smaller diameter rocervoir or ene with a flatter geometry
is necessary before a thinner gage is pnssible.

Two schemes are being investigated which would result in
smaller, or at least thinner, reservoirs and yet preserve the positiveness
of the terminal wire to clement fluid contact. In the first, the reservoir
would be formed by a material which would maintain its shape during the
gage body curing process; after this curing process, the material would
be dissolved leaving the reservoir cavity of desired geometry. The
second idea would be to climinate the neced of the reservoir by casting the
terminal wires in the gage hody, these wires could be wrapped or intimately

molded around the capillary forming filament. After the gage body had
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cured, the filament would be removed and the element fluid inserted (as
in the present fabrication procedure). The terminal wires would be in
contact with the element fluid in place of the capillary forming {ilament.

3. Element Deposition

Presently, the element capillary is formed by a small diam-
eter filament; after the gage body has cured and the filament has been
stripped from the body, the capillary is filled by injection with the elec-
trically conductive fluid. This technique is limited Lo simple patterns
of elements with diameters of 1 mil or greater. An alternate to this pro-
cedure would be to surface-deposit the conductive fluid on a thin gage body
ply. By usc of a template, intricate gage patterns could be fabricated with
relative case. After this deposition, a second polymer casting would
encapsulate the initial gage body ply and the thin fluid element grid.

C Applications

With the continued evolution of the elastomer strain gage, new
applications are developing. Although its primary parpose has been to
acquire deformational intelligence from solid propellant grain, there are
many other uses for this unique device.

1. Structural Plastics

The number of important structures and machines which are
composed, at least partly, by polymers is increasing. Some of these

devices consist of complex geometries which defy theoretical analysis.
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Consequently, experimental strain analysis is required to define the
mechanical behavior of these structures. Although brittle coating, photo-
stress and Moire techniques are available, the elastomer gage is

most applicable.

2. Timber Structures

Even though timber is one of the oldest building materials,
surprisingiy little experimental strain analysis has been performed on
wood structures. When considering that wood is an anisotropic material,
it is quickly seen that interpretation of experimentally acquired data from
any but the most simple structures would be a most formidable task.
Nevertheless, new structural timber geometries such as folded plates,
arches and orthotropic plates are being designed, but with an apparent
degree of uncertainty. Again, the elastomer gage should have a significant
application.

3. Tires

Alrcady, the elastomer gage has been employed in the static

and dynamic investigations of aircraft tires. This work has been of pre-

liminary nature; yet, it has explicitly demonstrated the {ecasibility of this

application.
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S APPENDIX A

THEORETICAL BEHAVIOR OF THE ELASTOMER STRAIN GAGE

Al Strain-Resistance Relationship

The active element of the elastomer strain gage is a relatively

long, cylindrically shaped capillary filled with an electrically conductive

fluid. As the gage is axially deformed, there are corresponding changes

E in the element dimensions. The capillary lengthens or shortens, and the

diameter of the capillary cross section decreases or increases, respectively.
The gage clement resistance can be expressed by the following

expression:

(A.1)

o]

1"

el
e

Y

5

.3‘

where

s

3

R - gage resistance in ohms

A o - clement resistivity in ohms per circular-mil-ft

L and A - capillary length and scctional arca expressed in ft
and circular mils, respectively

Generelly, the resistivity p is not a constant but varies with the magnitude
of pressure (or stress) being subjected to the material; however, for the
clastomer strain gage, the pressure which can be transmitted from the
gagc body to the fluid is quite low (less than 500 psi) Thercfore, the

error introduced into the expression in assuming the resistivity as constant

is regligible,

'
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b, % Fortunately, the volume of the capillary remains essentially con-
i stant even though the gage body undergoes considerable deformation.

p, This constant volume characteristic is due to two material properties.

: First, the elastomer utilized in the gage body construction has a Poisson's
g ratio which approaches 0.5, and hence the gage body dimensions behave
according to a constant volume law during gage deformation.* Second, the
capillary is filled with an incompressible fluid which at least asserts that
* the volume of the element fluid remains constant while the volume of the

capillary may change under some conditions (i.e., maybe high elongations).

‘ Thus,

Vo = Lofo

and (A.2)
Vo, = LA

where
L,and A - _ca.pillary's dimensions for the unstrained elastomer

4 gage

L and A - dimensions for any specific gage strain statc

Also,

L=L,+AL

= J_,o( -AEI.‘-) (A.3)
= Lo(l +¢€)

At least at low strain levels.

54
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’ where

AL - element's elongation increment
. € - strain

< Combining Equations (A. 1) and (A.2), the area parameter is elimi-

i nated

s
]

lo
L-‘N

: 07 I o (A.4)

3 ©

; |
:: R = P LZ (A. 5)

% Vv :
b o :
Dividing R by R, and expressing L in terms of L and Equation (A. 3}, 5

R (1 +¢2 =(1 +2¢ +¢?) (A.6)
R'O

TS T Rty G Fo
e s R LT

& For small strains, the high order term (¢ 2) can be neglected
without introducing appreciable error; however, Jr strains in excess of
20 percent, the €2 term should be considered.

Equation (A.6) is solved for ¢ and plotted in Figure A,

y ¢ = — -1 (A.6")

RN
w
[0}

Also, for comparison, the high order term (62) is neglected in Equation (A. 6) ;

and is plotted in Figure A. 1.
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3 2 \R, (A7)
,!’ ‘
A.2  Strain Gage Sensitivity
’ ; Strain gage sensitivity could be defined as the smallest strain
e increment in a test article that can produce a repeatable resistance change
in the gage element. However, this definition would enceinpass the quality
5 of the gage application (thickness, modulus of glue line, etc.) and the
- resistance measuring instrumentation. Consequently, the authors have
chosen to define strain sensitivity as the resistance change produced in an
g elastomer gage (unmounted or mounted) by a 1.0-percent uniaxial strain
‘3 increment.
7- By differentiating Equation (A.6) with respect to €, the sensitivity
I-' [
is defined
dR
23 == = 2R,(1 +€) (A, 8)
o de of
-
AR = 2R (1 +€)Ac (A.9)
It is evident that the gage resistance change rate is directly dependent on
k- the element nominal resistance (Rg) and to a lesser extent by the strain
E level (€).

A.3 Resistance Measuring Equipment

The elastomer strain gage works on the same principle as the

conventional SR-4 strain gage. However, the nominal resistance and the
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v resistance change experienced by the elastomer gage are different from
: the SR-4 gage, and hence the resistance measuring equipment required
; by the two cases is quiteé distinct. .
;
As depicted in Figure A.1l, a 42-percent strain increment {tension)
will increase the nominal resistance by 100 percent; for a 100-percent
'; ’ strain increment, the nominal resistance will be multiplied by a factor
of 4, Consequently, the ohm meter (or ohm bridge) must have a wide
range of operation. Also, the ohm meter must possess the required sen-
sitivity. The curves shown in Figure A.2 were developed from Equa-
! tion (A.9) and relate the precision requirement for the resistance measure-
i: ment (KR) to that of the strain (Ke)' As an illustration of the plot, assume
1 that a strain precision of 2100 microstrain is required from a 10~ohm
gage strained to 50 percent. Beginning at the 100-microstrain abscissa
(10_4) and proceeding vertically to the 10-ohm gage, 50-percent strain
curve and then horizontally to the ordinate, it is found that the resistance
’_ must be measured to at least £0.003 ohm. If a 100-ohm gage were used,
‘; the resistance precision could be relaxed to 0,030 ohm.
a A.4 Temperature Effects

A change in gage temperature will increase or decrease the ele-

ment resistance and thus produce a false or apparent strain indication.

The source of the heat can be external to the gage or generated by the

measuring equipment excitation current. In either case, the magnitude of
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the temperature change must be known in order that the acquirza resistance

reading can be properiy corrected.

Resistance change in a conductor is expressed by

Ry = Rp(1 + ot) (A.10)

where
Ro and RR - conductor resistances (ohms) at temperature T and a
\* reference temperature R, respectively
ﬁ.
. a - the temperature coefficient of resistance which is a material
' j constant (percent change per °F)

t - change in temperature (T ~ R, in °F)

Modifying Equation (A.6') by utilizing Rp and RR in lieu of R and

. Ro, the expression becomes

T (A.6v)
€, = —_ -] A, 6"
T A Ry
where ¢ is the apparent strai. due to a gage temperature change. Com-

bining this expression with Equation (A.10), the apparent strain can be

shown to be a sole function of t and a mraterial constant.

ep =N(T Fat) - 1 (A.11)

!

A graph of eq‘xation (A.11) is shown in Figure A.3. A 4°F increase
in temperature will produce a corresponding 0.1 percent strain (103 micro-

strains) for a mercury element. So, regardless of the gage's resistance,
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the control of temperature is imperative in quasi-static tests; for dynamic
loading where the deformation cycles are rapid as compared to the tem-

perature change rate, the thermal phenomenon becomes less important.
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Minijatruized elastomer gage. Princinal changes were
made in the gage body thickness (reduced to 0.018 in.)
and the shape of the fluid reservoirs (from a cylindrical
to a spherical configuration). Element capillaries were
4 to 6 mils in diameter.

Constructed multielement, uniaxial gage. The device,
having overall physical dimensions unchanged from
previous gages, contained four parallel capillaries
which were connected in series by means of buses.

With an clement diameter of 4 mi's, the gage nominal
resistance was quadrupled that of the single element
configuration.

Constructed and tested gage with a single eclement of

1. 7-mil diameter.

Fabricated cubical strain module with four clements of
2-mil diameter. Three of the four elements were
orthogonal and had a 0.250-in. gage length. The cube
had a 0 375-in. side dimension.

Began fabricating gages with the terminal wires inserted
into the reservoir cavities from a direction perpendicu-
lar to the gage's axis. This modification generally
increased the strain range of a device to the point of

gage body ruplure.




August 1966

Altered multicapiilary gage design by intersecting
appropriate element reservoeirs and thus eliminated

the need {for wire buses.
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