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SUMMARY

A mothematical analysis was made of the effect of misalinement
among the components of rectangular and equiangular stralin rosettes
on the determination »f the magnitudes and directions of principal
gtrains. Misalinements of +2° among individual gages introduce no
serious errors in the computation of principal strains from rosette
data., Frrors caused by a given misalinement are proportional to
the maximum shear strain at the test point and the effect is most
important in regions of pure shear.

The equations derived in the analybtical investigation provide
corrections that are applicable only 1f the misalinements are lknown.
These equations indicate qualitatively the limits of accuracy with
which strain determinations can be made when the possibility of
misalinement exists, Verification of the analysis was made by
experimental Iinvestigation of the behavior of & rosette the misaline-
ment of which was known,

INTRODUCTION

The epplication of strain rosettes for the determination of
magnitude and directlon of principal strains at selected points on
a stressed surface ls well known and several techniques have .been
developed for anelyzlng the rosette data into the requisite princi-
pal strains and their directions (references 1 to 7)., The methods
the rosette are alined at definite angles to one another; for
example 0%, 45°, and 90° in the rectangular rosette or 0°, 60°,
and 120% in the equiangular rogette. Although strain rosettes are
now commercially avallable and there 1s little reason to doubt the
accuracy of their alinement, special applications in stress analysis
often require that a rosette be constructed from individual gages.
Unless great care 1s taken to orient the gages of the rosette, some
misalinement is generally found to exigt among the gages. Specula-
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tion arlees as to the error that might be introduced by misalins-
ments of 12 or 2° which might normally be expected among the gages
of an Improvised rogette. i
This speculation has a foundation inasmuch as the squatlions
for two-dimensional strain distribution about & strained point indi-~
cate that In the reglon of certain criticel dlrectlions the linsar
gtraein rapidly changes when the direction along which the strain is
meagured 1s only slightly varied. Consider, for example, the strain
distribution gbout a point at which the principal strains are 2000
and -1000 microinches per inch. At 43° to the direction of maximum
strain, the linear strain is 608 microinches per inch, at 45° the
strain 1s 500 micyroinches per inch, and a% 47 the strain is
392 microinches per inch. Thus, a gege orisented presumably at 45°
to the major principal direction but actually at 45 +2° is capable
of a gtraln indication anywhere between 392 to 608 microinches per
inch. This range of strain 1s, of course, serlious; it 1s con~
ceivable, however, that if the gage 1s part of a rosette its
unfavorable angular orientation may be compensated by the more
favorable anguler orientations of the other gages along directlons
in which emall increments of angle do not affect the gtrain indi-~
cation. The principal strains as computed from the rosette data
may therefore not be in error as much as the gtrain indication of

any one gage.

A mathematical analysis of the errors 1in the determination of
direction and magnitude of principal stralne that are introduced
by misalinement of the gages of a rosette 1s presented with some
deductions that can be drewn from the results of the analysis.

A method 1s algo suggoested for checklng representative rosettea of
a given design and construction for exactness of alinement.

EQUATTONS FOR ERRCORS DUE TO MISALINEMENT

The mathematical derivations for the effect of misalinement
of the strain-gage components of strain rosettes are glven in the
appendix, The derivations conslst of substltuting the erroneous
gtrains obtalined from the misalined rosette lnto the formulas
gonerally used for reducing date obtained from properly alined
rogettes, The apperent principal stralng end thelr directions as
they would be calculated by an oporator not knowing that the gages
of the rosetbte were migalined are compared with the true princl-
pal gtrains and their dlrections end the errors introduced by mis-
alinement theroby determined in the form of correction factors.
The errors are debermlined for rosettes of rectangular and oqui-
angular design and are dofined by the following equations:

2
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Cese I - Rectangular rosette, gages theoretically Ooirésel
and 90V apart, -

€p' = €p + 0.00875 ’max Moo (1)
where M 1s

[(45 - 4,) sin 267 + (A - 0.54; - 0.543) sin 461 + (A3 - 81) sin? 261]

€q' = €q + 0.00875 7max M (2)

where M 1is -
[(a5 - 81) sin 267 - (85 - 0.581 - 0.543) sin 463 - (A3 - A1) sin® 269]
6p' = 6, - [ g cos? 26, + 0.5 (A + Ag) sin® 201 - 0.25 (A) - Az) sin 40;]
(3)
and
€pr €g true major and minor principal strains at test point

apparsnt major and minor principal strains as celculated
by neglecting misalinement of gage components of
rosgette

H 1
EP}Eq-

- "max maximum ghear strain at test point

61 theoretical angle of reference gage 1 of rosettes measured
counterclockwise from direction of ¢p. (The gages of

& rosette are arbitrarily numbered 1, 2, and 35, In
rectangular rosesttes, gages 2 and 3 are theoretically
oriented at 45° and 90% counterclockwise to gage 1; in
equiangular rosettes gages 2 and 3 are oriented at 60°
and 120° counterclockwise to gage 1.)

6.t directions of €p and €p' measured counterclockwise
from gage 1, degrees ' . B

83,40,83 misalinement of gages 1, 2, and 3. (Misalinement is
defined as the angle in degrees between the theoret-
ical and the actual directions of gages 1, 2, and 3.
Ay, Az, and Az &are positive 1f gages 1, 2, and 3
are oriented at slight counterclockwise angles to
their theoretical directions as shown in fig. 2.)

3
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Case IT -~ Equiangular rosette, gages theoretlically 0°, 6001
and 120° gpart. =

€p' =e€p + 0.00875 7max¥ | (4)

vhere M 1is - -

[ﬁé (45 - 83) (cos 20y ~ cos 46;) + 3 (8p + 43 - 24))(sin 20; + sin 461)]

€q' = €q + 0.00875 "max M- (5)

where M 1s
[!g.(A3 - Az)(cos 261 + cos 467) + % (Az_+ Az - 247)(sin 267 - sin 46¥ﬂ

- M (8)

wvhere M is

[ﬂ% (Az = Az) &in 46, +%. (85 + 83)(2 cos? 20 + 1) + % A sin? zel:]

FFFECT OF MISALINEMENT

The user of a rogette doeg not, in general, know how much
migalinement is present among the gages conetitutling the rosette;
hence, the proper corrections as defined by equations (1) to (6)
cannot -be applied. The equations have utility, however, in
polnting to qualitative errors that might be expected in a given
application and to some general principles that constitute good
technique in interpreting strain-rogette data. Several Ilmportant
deductions that may be made from the equations are summarized as
follows: :

1. The error in the determination of magnitude and directlons
of principal stralns resulting from the use of a misalined rosette
depends upon the orientation of the reference gage of the rosette
relative to the principal axes as well as migalinements among the
gages within the rosette. This factor is to be expected inasmuch
as the general orlentation of the rosette determines whether one
or more gages of the rosette will be oriented along a critical
direction iIn which the strain rapidly varies with slight changes
in angular orientation.



NACA TN No. 1133

2. Small anguler misalinements of the strain gages of a rosette
can result in determinations of principal strains that are only mod-~
erately different from the true principal strains. Unless deter-

ninations accurate withln better than 2 percent of principal strains

are required, misalinements of 1° or 2° may be tolerated.

An inspection of eguations (1) to (6) shows that, assuming all
the A's 1o be of the same magnitude A (but of unknown sign), the
limits of the possible errors ars glven by:

ep' - €p < 0.052 ypay A Y

€q' ~eq< 0.052 7pay A y rectangular rosette
L.

fp 6p < 2.5 4 J

| S, ~
€y —€p<0.082 7. A

t
€q €q_< 0.032 Ymax A > equlangular rosette
LI
GP GP < 1.6 A J

3. When the problem of misalinement is considered in a prac-
tical application, there appears to be little inherent advantage in
uging elther the rectangular or egquianguler rosette In preferencs
to the other. Although the equiengular design may be better than
the rectangular for a glven misalinement and refersnce-gage orien-
tation, random misaelinements and refersence-gage orientations may
produce as much error in one type of rosetts as In the other.

4, For a glven misgalinement among the gages of a rosetite and
orientation of the reference gage relative to the principsl axes,
the error in the determination of the principal strains 1s propor-
tional to the maximm sghear straln at the test point. Thus, par-
ticular concern should be glven to alinement of gages when measure-
ments are to be made In flelds of pure shear.

5. The error in the determination of principal directions from
date obtalned from misalined gages of a gtrain rosette is of the
same order of magnitude as the misalinements of the gages within
the rosette; that 1s, no disproportionste errors in locating the
principal 4directions are introduced by moderate misalinements in the
gages of the rosette.

6. As a deductlion from deductlion § and the property of rectan-

gular rosettes given In deduction 3, it follows that an accurate
method of determining the principal stralns at a desired point, even

S

S — -
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when some doubt exists as to the proper alinement of gages in avall-
able rosettes, is to debtermine first the approximate dlrections of
principal strains by means of a rosette and then to determine the
magnitude of the principal straine from a second rectengular rosette
go oriented thalt the reference gage lles very nearly along a prin-
cipel direction.

EXPERIMENTAT. CHECK ON MISATINEMENT OF ROSETTE GAGES

An experimental survey was conducted to determine the errors
introduced by misalinement of the strain gages of & rectangular
rogette. The rosette was constructed of three bobbin-wound
Bakelite-impregnated strain geges of 1/16-inch gage length. Gages
of l/lﬁ-inch effective length were used in preference to larger sizes .
in order to obtaln a rosette of very small dimensgions. These small
gages have been used at the Cleveland laboratory for soms time and
have proved to be as reliasble as any of the larger slzes. Because
no specilal precautlions were taken to aline the gages perfectly, some
migelinement was expected among the gages. The rosetie was mounted
at the center of an accurately machined 16-sided duralumin polygon
gimilar to that used by Dow in reference 8. Figure 1 sghows the
polygon and the attached gages.-: S : : : -

The polygon was then mounted in & hydrauwlic testing machine of
120,000-pound capacity and the strain indication of each of the
threc gages was obsgerved as the load on thoe block was increased in

o)
increments of 20,000 pounds. The block was then rotated 22% and

the strain indication of each of the gages again observed for oqual

o]
increments of load. BSurveys were conducted for esach 225 rotation
for 180°, SR - : - -

The exact alinement of the gages relative to one another wes
then determined in the following menner:

If three successive gtraln indicatlons are obtained from a
single gage of the rosette as the duralumin block is loaded on pairs
of facss 45° apart, theso indications can be considered as the indi-
cations from the three gages of a perfectly alined rosectte. Bscause
the duralumin block is accurately machined, tho faces are exactly 45°
apart; henco, the gegos of the hypothetical rosetto relative to the .
Principal axes of straln can then bo deturmlinod from the three strain
readings ani, inssmich as theo principal axes of the loadsd polyzeon
arc known to bo porpondlicular and parallel, rospectively, to the
loadod facos, thoe diroctlion of sach gago can be dotormined in rolation
to known directions on the duralumin block. In thls manner it was

6
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determined that the rosette tested conslsted of gages at angles of
0.875%, 48°, and 92.08° relative to the assumed direction of gage 1
instead of the ideal 0°, 45°, and 90°; hence,

e} O e}
8y = 0.875°%, 8y = 3°, and Az = 2.08

A camparison of the true principal strains, the principal
strains as determined from simultanéous readings of the rosette,
and the theoretical princlpal strains as calculated from the equa-~
tions derived in thls report is glven In table I. Experimental
values closely agree with the values predicted by the equations
derived in thls report. PBecause the experimental results do not
excessively deviate from the theoretical results, misalinements of
the order of 2° can be tolerated with only moderate errors in com-~ ==
puted apparent principal strains. '

The strein at an engle 6 +to the major princlpal strain is
given by the formula '

€g =%—' {:(e:p +€q) + (€p - €q). cos 26] (D

A perfect straln gage oriented along the direction 6 will yield

an indication pronortional to the strain as given in equation (7).

Short gages, such as those used in this experiment, are affected I
by cross strains as well as by the strain along which the gage 1s
alined but the strain indication of the gage can still he given by
the relation

€g = a + B cos 26 (8)

where o« and P are varlables that depend on the principal stralns
as well as on the slze of the gages. When the data from a rosette
consisting of gages that are subject to cross strains are substituted
in the usval formulas for determining principal strains, the calcu-
lated strains are not the principal strains but the strains numer-
ically equal to (o + 8) and (a - B).
A

Because the derivatlons of the correction factors did not take
into account cross strains, these corrections apply to the principal
strains only when the gages employed are not subject to cross strains
and to the values of (o + B) and (o - B) vwhen the gages are subjected
to cross strains. This experiment wverified that the corrections
apply to the values of (a + B) and (a - B).
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CONCLUDING REMARKS

The method used to determine the misallinements present in the
rosette tested also provides & general method of checking repre-~
gentatlive rogettes of a given design for accuracy of alinement. A
semple rosette may be applied to the center of an accurately
machined polygon and the orientation of each gage independently
determined reletive to flxed axes on the polygon. The relative
orlentation of the gages among each othexr may thereby be very
accurately determined.

Alrcraft Engine Research Laboratory,
National Advisory Cormittee for Aeronautics,
Cleveland, Ohio, April 17, 1946.
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APPENDIX ~ DERIVATION OF EQUATIONS

The true straln €y at en angle & +to the directlon of the

ma Jor principal axis is given by the following equation from ref-
erence 5 (p. 30):

(ep +€q) (ep - €4)
foT T YT 3

Gage 1 1s at an angle of (360° + A7) to its assumed direction and

therefore at an angle of (61 + 360° + Al) to the major principal
axis. Hence

€' = % [(€p *'eq) + (ep - eq) cos 2(67 + 360 + Alﬂ
g =1 [(ep +€q) + (e - €g)(cos 261 cos 247 - sin 20 sin 24;)]

where . _ . _—

€', €', €3 strains 1ndicated by gages 1, 2, and 3 of rose‘b:b_e_

8y angle of gage 1 from direction of maJjor principal
axis, deg '

If Ao 1s a swall angle expressed 1n radians

cos8s ZAZ =1
sin 247 = 245
Or if Az is expressed in degrees, as is done 1in thls report

cos 2Ap 1

sin 2A2 0.035 Az

and
@' =3 ]:(ep +€q) + (e, - g)(cos 26) - 0.055 4, sin zal):} (10)

Case I -~ rectangular rosette. - Gage 2 1s at an angle of
(45° + Ag) to gage 1 and therefore at an angle of (81 + 45° + Ap)

to the major principal axls. The strain 62' ls expressed by

€' = % [(ep + €g) + (cp - eq) cos 2(01 + 45 + Ap)]
< 9

cos 26 ) (9)
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which reduces to
€g' = % [(ep +eq) - (ep - €y)(ain 26; + 0.035 Ay cos 26,)] (11)
Gage 3 is at an angle of (90° + 8z) to gage 1 and therefore at an _
angle of (67 + 90° + Az) to the major principal axis. The strain €z'
is expressed by

&' = %: I:(e:p + eq) + (ep - ¢g) cos 2(6y + 90 + Az)]
which reduces to

€z' = % [(Ep +€q) - (ep - eq)(coe 261 - 0.035 Az sin 267)]  (12)

If the values from equations (10), (1l), and (12) are substi-
tuted in the usual equations for calculating principal strains,

€,q = .ei:z-_e.:’_’ ;t“-/—-g I\/(::l - ez)z + (€5 - 63)2 (13)
Then apparent principael gtrains cp’ and cq' are calculated
€p' = € + 0.00875 ypay M (1)
where M is
[ (83 - A1) sin 26, + (85~ 0.5A1 ~ 0.583) sin 46} + (A3~ A1) sin® 26;]
€q' = €q + 0.00875 ey M (2)
where M is
[(A3-81) sin 207 - (A2 - 0.541 - 0.543) sin 46 - (Az - 4;) sin? 26 ]
If the values from equationa (10), (11), and (12) are substi-
tuted in the usual equation for calculating the direction of the

ma jor princlpal axls measured from gage 1 of the rosette,

2€s ~ € - €
tan 20, = —2 "1 7 5 (14)
P €1 -~ €3

Then

10
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tan 264" = ~ M S (15)
where M 1is '

2 sin 26 ~ 0.03547 sin 2637 + 0.035A3 sin 261 + 0.074p cos 267
- 0.03547 sin 267 ~ 0.035Az sin 26871 + 2 cos 28]

Equation {15) defines an apparent angle 6p', which vould be
calculated es the direction of the major principal axls measured
counterclockwise from the direction of €;. ILet A be the dis-

placement of the apparent principal direction from the true prin-
cipal direction, then by figure 2 i Lo e

6p' =380 + A - 61
Therefore '
tan 26p'. = tan 2 (360 + 4 - 67) = - tan (261 - 24)
tan 267 - tan 24 ten 267 - 0,035
" T+ ten 267 tan 24 ~ ~ 1 + 0,0358 tan 28]
tan 265" = - gin 267 ~ 0.035A cos 267 )

cos 287 + 0.035A sin 261 (16)

After the two expressions for tan 26" 1in equations (15) and (18)
have heen equated, the value of A may be calculated.

A ==~[Ap cos? 267 +0.5 (A1 +43) sin? 261 - 0.25 (A] - 43) sin 46]
(17)
Therefore
Op' =6p + 4 =6p - M (3)
where M 1is
[as cos? 267 + 0.5(A1 + A3) sin? 267 - 0.25 (A1 -~ Az) sin 461]

Case IT - equlangular rosette, - The expression for €q' of
the equiangular rosette 1s the same as that for €,' of the rec~
tangular rosette. :

2
=1 - ' -
== [(eP + €q) + (ep €g)(cos 261 -~ 0.035 43 sin 261)] (10)

11
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[(ep +eq) + (ep - eq) cas 2 (81 * 4z + 60)]

M . o (18)

t

i ol

where M 1is

(ep +eq) ~(ep- q)[(-]zi+ 0.0175 VSAg) cos 261 + “-{% - 0.0175A2> sin 29]?1

€' == [(€p + €q) + (€p ~ €4) cos 2(8y + A3 + 120)]

i~ ol

M (19)
where M 1is
{(ep +€q)~ (e -Eq)[(.%-_ 0,0175«@[\3) cos 291 - @—g + 0.0175A5> sin 263 ]\t

If equations (10), (18), and (19) are substituted in the expressions
for principal strains _

€, + €, +€
1 2 3 /2 2 2 2
€prq = 3 £ 2 afler - €2)% + (¢ - €5)% + (63 - €3)

(20)

When small quantities of the second order of magnitude are neglected
€p' = €p + 0.00875 ygax M (4)

where M 1is

I:[% (Az - Ag) (cos 267 - cos 467) +% (Ap + Az - 241)(8in 201 + 8in 461)]
€' = €q + 0.00875 ypax M (5)

where M 1s

1l
“—Z—S (8% - A2)(cos 267 + cos 46y) +5 (Ap + Az~ 247 )(8in 26y - ain 46,)

The angle of the major principal. axis measured counterclockwise from
gage 1 is given by

12
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M3 (€2 = €3)
With equations (10), (18), and (19) substituted
tan ZGP' = - M - (22)

wvhere M is

3(0.0175)(Ag + Az) cos 26y + [’5 + /3 (0.0175){Az ~ Ag)] sin 261
[3+0.0175 ¥3 (43 - 43)] cos 267 ~[0.0781 +0.0175 (Ap +43)] sin 267

With equation (22) equated to equation {18) for an equiangular
rosette A becomss :
A =-[-“’-§- (A3 - Ap) sin 46 +% (A +8z) (2 cos? 269 +41)+§ 4y .sin? 261]

(23)
Kence

6p' = 6p - M (8)

wvhore M is
I
[‘L‘z‘ (43 - 82) sin 46y +% (Ap +43) (2 cos? 291-{-1).;.% Ay sin? .291]
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TABLE T - EXPERTMENTAL AND PREDICTED ERRCRS CAUSED BY MISALINEMENT

(F STRATN GAGES IN A RBE(CTANGULAR ROSETTE
E&ll strains are in microin. /in]

Theoretical angle
of gege 1 with
major principal

Ms jor apparent
principal strain

Minor apparent
princiral strain

Ma jor principel axis ori-
entation to gage 1 (deg)

True|Exper-| Pre~ |True!Exper-iPre- True Exper- Pro-
strein, 8 (deg) imen~ |dicted imen- |dicted men- | aicted
tal |by tal by tal by
agua- equa- equa~
+ion tiom tion
o1 175 | 177 175 |{-283] -285 | -283 -0.9 -2,2 -3.0
225 175 | 186 187 |-28%| -286 | ~288 -23.9 -24,1 -25.0
45 175 | 188 | 185 |-283] -~284 | -2853 -45,9 | -45,5 -48.5
1
675 175 | 178 175 |-283| ~278 | ~276 -68.4 -68.6 ~69.5
90 175 | 178 175 |-283| -284 | -283 -90.9 «92,0 -93.0
112% 175 | 179 180 |-283| -291 | -295 | -113.4 | -114.,7 | -115.0
135 175 | 175 175 |-283| -291 | -292 | -135.9 | -135,8 | -136.5
1
1575 175 | 169 168 |-283| -283 | -283 | -158.4 | ~158.7 | -159.5
180 175 § 177 { 175 |-283| -285 | -283 -.9 -2.2 -3.0

Natlonal Advisory Camnittee
for Asropautics
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Figure I. - Polygon for testing alinement of strain gages in
rosettes. Three strain gages one-sixteenth by one-six-
teenth inch shown mounted in form of rectangular rosette.
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(a) Rectanguldr rosette.

1 ]

<p' NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

(b) Equiangular rosette.
Figure 2. - Rosette strain vectors.
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