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General information

Office hours

Instructor: Cosme Furlong; cfurlong@wpi.edu
Everyday from 11:00 to 11:50 am
or by appointment

Teaching Assistant: Jeffrey Laut & Kazim Nagqvi;
During Lab Sessions




Strain gages

Definition of gage factor: F = dR/R
€a
1d
(From previous = F=1+2u+ = 9p
discussion) €a P

2D view of a
strain gage

If resistivity does not change = F =1+2pu

And strain with change of 1 AR
resistance is: —~

A typical strain gage has a gage factor ~ 2.095 + 0.5%.
Why? How is this possible? Open for discussions
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Strain gages and a Wheatstone bridge

Recall from previous discussions:

(Changes in resistance &
output voltage)

And strain with change of
resistance is:

We want to recover strain
from voltage measurements.
Combine previous equations:

AE; AR, AR
E 4R 4R
1 AR
= gy=——
F R
1 4AE,
= g =—
F E

o El
Mechanical Engineering Department ' &
N



Strain gages and a Wheatstone bridge
We need to amplify output signal: determine gain

F
Re-write previous equation as: Ak, = 7 E-g,
Assume the following values: E=10+0.005V
(based on an actual setup) E —2095+05%
Also, assume the measurement of
only 1 pstrain (ep): g, =1lpstrain =1x107°
Using these values leads to: AE, =5.238x107°V

Is it possible to measure this voltage level in HL-031?
Open for discussions
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Strain gages and a Wheatstone bridge
We need to amplify output signal: determine gain

Assume that measurement

resolution of DAQ system is:

(please, update accordingly, while 1x107°V
taking into account max./min.

voltages allowed in the DAQs input)

_3
Gain for the output signal should be: Gain = 1x10 Ys ~191
' 5.238x107°V

If we use max. meas. resolution of DAQs in HL-031, what is
the range of strain values that can be measured?

Open for discussions
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Note on strain gages design (typical: 0.001” thick)

BACKING
/ /ENCAPSULATION
’ -’-’- b A /7 :g_'_:':wi-’:::;.*:-';'
_,_-PEAK STRAIN
I _l INDICATED
_ - — — STRAIN
z Y
=
o
F
Wl
GAGE LENGTH Ko

dR/R
Ex

Gage factor=F =

L 1 AR— TO be measured
Resistance =R =p— X =E R (use a bridge
/ A circuit)

resistivity

Y TEC
3\,!‘4%
& 7
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Strain gages and a Wheatstone bridge
Calibration by use of

shunt resistors

Connect high-precision
calibration resistor in “parallel”

.
% Rcal — Rshunt

—~—||||-—~—vs/6—-—
. 1

E

Excitation
source

Strain gage
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Measuring arm of the bridge

o
A

E4 I:\)x Rcal = Rshunt

\/\ Calibration
resistor

Strain gage

Q=
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Equivalent resistance

iz + 1 — R= Ry - Real
R Rx Rcal Rx + Rc:al
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Change in resistance is

AR=R-R, = Pear _

x+ cal
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Using the definition of a gage factor:

AR R

=——— = g =-— X
! F Rx - F (Rx + Rc:al)

e

Indicates
compression
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Example

If: R, =878,000Q; R, =120 Q with F =2.095

cal —

I Ry 120 —_65.2x107°

cal — = (Rx + Rcal) T 2.095(120 +878,000)

= —65.2 ustrain (compression)
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Amplifier model 2310

Internal calibration

resistors

Internal variable resistor

(bridge calibration)

Gain

(note resolution in gain
settings)
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

Amplifier model 2310 in # bridge
configuration

+A:59.94kQ = ~ 1000 pstrain
+B: 1748 kQ = ~ 340 pstrain

Check + + - and ¢
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

+ A resistor
\

Lab3.vi \

File Edit Operate Tools Browse Window Help =

A
Volts \
I/g Strain Gage j
MicraStrain
Waveform Chart 947.025 Plot 0 N 1
1000 - .

t(n) i} 750
o.005 oJl0.0025 o
E {psi) nu -é" 250
ol L2TE+7 Jlo.3 EL -
-250-

-500 -]

stop -750 -]

%ﬁig VI built for the lab
4

v
< >

g
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Strain gages and a Wheatstone bridge
Calibration by use of shunt resistors

+ B resistor
\

Lab3.vi

A\

File Edit Operate Tools Browse

B[]

Window Help

\

Volts

\ il

I/g Strain Gage

\tﬁn}

L) 0.005
E (psi)
';J 1.27E+7

=l

MicraStrain
Waveform Chart 324,818 Plot 0 N A
1000 -
rim) 750
so0-
nu 4 250
Jos | g o
E -250-
-500 -]
stop -750 -]
-1000 -}
STOP
Time

VI built for the lab

~
?
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Use of strains to compute pressure and stresses

(ﬁovegni nngequa‘riJro.n| 5 Ete
ased onh tangentia =
- Hoop - strain): rd-v/2)

P=P(E,t¢r,v)

Pressure is obtained from these equations:

1

€Hoop = € = E (GHoop - VGAxiaI);

Pr Pr
t

OHoop = O axial = 2t
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Determination of principal stresses
Principal normal stresses

® This problem involves performing coordinate transformation, which can
provide a stress tensor that does NOT contain shear stresses

® In 2D, this can be illustrated as:

03
G
Gy + Ty
e
y :
Oyy Tn >
~ail— S iy 0]
y Tyy * Oxx Note
— = transformation
Tyx ¥ Oy (rotation) angle
X
Stress cube in original Stress cube in transformed
coordinate system (x,y) coordinate system (x',y’) -- only

normal stresses exist: ¢; and
o3, In this 2D case
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Determination of principal stresses
Principal normal stresses

This problem involves performing coordinate transformation, which can
provide a stress tensor that does NOT contain shear stresses, that is

O Ty Ty c 0 O
T, O, T,|N=l0 o 0N >
| TZX TyZ GZZ ] _O O G_ Unit vector,
normal to
/\/ principal plane
Initial stress Transformed
tensor stress tensor
Unit vector,
normal to
principal plane Same
vectors
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Determination of principal stresses
Principal normal stresses

Previous equation can be written as

w—0 Ty T, O =0 Ty T, n, 0
T ©Oy—-O0 1T, |N=l 1, O©,-C T, n,|=|0
T,y , 0,-0C| T, T, O,—0|\Nn, 0
iImplying that the determinant
Cp =0 Ty Ty
Tx Oy—0 1T, |=0
T Tyz G, —O
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Determination of principal stresses
Principal normal stresses

Expanding determinant and setting it to zero yields
c°-C,0°+C,oc-C,=0
in which
c,=0,t6,+0,
C, = 6,0, +6,06,+6,06, — ’r:i - 1:2Z — ’Eix

— 2
C Gxxﬁyvo-zz + ZTS{yT}zTEx B Gxxtyz B Gvytzx Gzzrxy

are stress invariants (have the same magnitudes for all choices of

coordinate axes (x,y,z) in which the applied stresses are measured or
calculated.)

The principal normal stresses, o1, o5, o3, are the three roots of the cubic
polynomial -- always real and typically ordered as: 6, > 6, > o3
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Determination of principal stresses
Principal shear stresses

Principal shear stresses can be found from values of the principal
normal stresses as

. ‘61 63‘
13
2
. ‘52 51‘
21
2
. ‘03 02‘
32
2
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Determination of principal stresses
Principal normal and shear stresses: 2D case

These equations are used extensively

Principal normal stresses:

2
c.+0, 6.—0,
0,,03 = Hz thi i\/[ Hz HJ +Tiy

Maximum shear stress;

2
. Gxx o G}f}' + 1:2
TMax o 2 Xy
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Mohr’s circle: principal normal and shear stresses
Graphical representation of previous equations: 3D

T

T 63

Fig. 1-4.5/Mohr’s Circle in three dimensions.
From Boresi: Mechanics of materials
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Reading assignment

e Beckwith: Ch.7,12, Appendix E
e Bishop: Ch. 11

References:

J.P.Holman, Experimental methods for engineers,
McGraw-Hill, 1989

e T.G6. Beckwith, R. D. Marangoni, and J. H. Lienhard,
Mechanical Measurements, 6th ed., Prentice-Hall, 2007

C. Furlong, MEMS: introduction and applications, Course
notes on MEMS, ISTFA, 2004, Worcester, MA

e GE NovaSensors, http://www.gesensing.com/
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Homework assignment: Handout-H

e Beckwith: 12.7,12.10, 12.11
e Bishop: Section 11.3
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