How strain gages work.

B Strain, Stress, and Poisson's Ratio

When a material receives a tensile forceP, it has a stress ¢ that
corresponds to the applied force. In proportion to the stress,
the cross-section contracts and the length elongates by AL
from the length L the material had before receiving the tensile
force (see upper illustration in Fig. 1).
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The ratio of the elongation to the original length is called a
tensile strain and is expressed as follows:
AL
€=

L €: Strain

L: Original length
AL: Elongation

See the lower illustration in Fig. 1. If the material receives a
compressive force, it bears a compressive strain expressed as
follows:
_-AL

ETTL
For example, if a tensile force makes a 100mm long material
elongate by 0.01mm, the strain initiated in the material is as
follow:

Thus, strain is an absolute number and is expressed with a
numeric value plus x107° strain, ue or um/m.

The relation between stress and the strain initiated in a
material by an applied force is expressed as follows based on
Hooke's law:

o= Ee o: Stress
E: Elastic modulus
e€: Strain

Stress is thus obtained by multiplying strain by the elastic
modulus. When a material receives a tensile force, it elongates
in the axial direction while contracting in the transverse
direction. Elongation in the axial direction is called longitudinal
strain and contraction in the transverse direction, transverse
strain. The absolute value of the ratio between the longitudinal
strain and transverse strain is called Poisson's ratio, which is
expressed as follows:
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V= 2 ‘
€1 v: Poisson's ratio
e1: Longitudinal strain % or —% (Fig. 1)
€2: Transverse strain — % or % (Fig. 1)

Poisson's ratio differs depending on the material. For refer-
ence, major industrial materials have the following mechanical
properties including Poisson's ratio.

©® Mechanical Properties of Industrial Materials 6= 2(1%1,)

Young's Shearing Tensile Poisson's
Material Modulus Modulus | Strength Ratio

E (GPa) G (GPa) (MPa) v
Carbon steel (C0.1 - 0.25%) 205 78 363 - 441 | 0.28 - 0.3
Carbon steel (C > 0.25%) 206 79 417 - 569 | 0.28 - 0.3
Spring steel (quenched) 206-211 | 79-81 |588-1667| 0.28-0.3
Nickel steel 205 78 549 - 657 | 0.28 -0.3
Cast iron 98 40 118-235 | 0.2-0.29
Brass (casting) 78 29 147 0.34
Phosphor bronze 118 43 431 0.38
Aluminum 73 27 186 - 500 0.34
Concrete 20-29 9-13 — 0.1

B Principle of Strain Gages
Each metal has its specific resistance. An external tensile force
(compressive force) increases (decreases) the resistance by
elongating (contracting) it. Suppose the original resistance is R
and a strain-initiated change in resistance is AR. Then, the
following relation is concluded:

AT'? =Ks A—ll‘ = Ks-e
where, Ks is a gage factor, the coefficient expressing strain
gage sensitivity. General-purpose strain gages use copper-
nickel or nickel-chrome alloy for the resistive element, and the
gage factor provided by these alloys is approximately 2.

B Types of Strain Gages
Types of strain gages include foil strain gage, wire strain gage
and semiconductor strain gage.

H Structure of Foil Strain Gage

The foil strain gage has metal foil photo-etched in a grid
pattern on the electric insulator of the thin resin and gage
leads attached, as shown in Fig. 2 below.
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0.12 to 0.16mm¢ and 25mm long)
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The strain gage is bonded to the measuring object with a
dedicated adhesive. Strain occurring on the measuring site is
transferred to the strain sensing element via the gage base.
For accurate measurement, the strain gage and adhesive
should match the measuring material and operating conditions
including temperature. For the method of bonding the strain
gage to metal, refer to Page 8.

B Principle of Strain Measurement

Strain-initiated resistance change is extremely small. Thus, for
strain measurement a Wheatstone bridge is formed to convert
the resistance change to a voltage change. Suppose in Fig. 3
resistances (Q2) are R1, R2, Rz and R4 and the bridge voltage (V)
is E. Then, the output voltage eo (V) is obtained with the
following equation:

. R1Rs — R2R4 E
(R1 + R2) (R3 + R4)

Suppose the resistance R1 is a strain gage and it changes by
AR due to strain. Then, the output voltage is,

(R1+ ARRs—R2R4 | E
(R1 + AR + R2) (R3s + Ra)

IfR1=R2=Rs=R4 =R,

R+RAR-R?
@R+ AR) 2R

€o =

€o =

Since R may be regarded extremely larger than AR,

1R E_ .
€ =R E_4 Ks-e-E

Thus obtained is an output voltage that is proportional to a
change in resistance, i.e. a change in strain. This microscopic
output voltage is amplified for analog recording or digitial
indication of the strain.

Fig. 3
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M Strain-gage Wiring Systems

A strain-gage Wheatstone bridge is configured with 1, 2 or 4
gages according to the measuring purpose. The typical wiring
systems are shown in Figs. 4, 5 and 6. For varied strain-gage

bridge formation systems, refer to Bridge.pdf.

@® 1-gage system
With the 1-gage system, a strain gage is connected to a side
of the bridge and a fixed resistor is inserted into each of the
other 3 sides. This system can easily be configured, and thus it
is widely used for general stress/strain measurement. The 1-
gage 2-wire system shown in Fig. 4-1 receives much influence
of leads. Therefore, if large temperature changes are antici-
pated or if the leadwire length is long, the 1-gage 3-wire
system shown in Fig. 4-2 must be used. For the 1-gage 3-wire
system, refer to "Method of Compensating Temperature Effect
of Leadwire" (Page 5).
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@ 2-gage system

With the 2-gage system, 2 strain gages are connected to the
bridge, one each to the 2 sides or both to 1 side; a fixed resis-
tor is inserted into each of the other 2 or 3 sides. See Figs. 5-1
and 5-2 below. There exist the active-dummy method, where
one strain gage serves as a dummy gage for temperature
compensation, and the active-active method, where both ga-
ges serve as active gages. The 2-gage system is used to elim-
inate strain components other than the target strain; according
to the measuring purpose, 2 gages are connected to the
bridge in different ways. For details, refer to "How to Form
Strain-gage Bridges" (Bridge.pdf).

Fig. 5-1
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@ 4-gage system

See Fig. 6. The 4-gage system has 4 strain gages connected
one each to all 4 sides of the bridge. This circuit ensures large
output of strain-gage transducers and improves temperature
compensation as well as eliminates strain components other
than the target strain. For details, refer to "How to Form Strain-
gage Bridges" (Bridge.pdf).
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Fig. 6

@ Typical Measurements with Strain Gages

B Bending Stress Measurement

(1) 1-gage System

As illustrated below, bond a strain gage on the top surface of a
cantilever with a rectangular section. If load W is applied to the
unfixed end of the cantilever, the strain-gage bonding site has
the following surface stress o:

o=¢0-E
Strain €o is obtained through the following equation:

_ 6WL

0= Ebn?

where, b: Width of cantilver
h: Thickness of cantilever
L: Distance from the load point to the center of strain gage
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Bending Stress Measurement with 1-gage System

(2) 2-gage System

Strain gages bonded symmetrically on the front and rear
surfaces of the cantilever as illustrated below output plus and
minus signals, respectively, with an equal absolute value. If
these 2 gages are connected to adjacent sides of the bridge,
the output of the bridge corresponding to the bending strain is
doubled and the surface stress ¢ at the strain-gage bonding
site is obtained through the following equation:

£0 .
2E

The 2-gage system discards strain-gage output corresponding
to the force applied in the axial direction of the cantilever.

o=
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Bending Stress Measurement with 2-gage System
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B Equation to Obtain Strain on Beams
Strain €0 on beams is obtained through the following equation:

- M
€0 = 7E
where, M: Bending moment (refer to Table 1)
Z: Section modulus (refer to Table 2)
E: Young's modulus (refer to "Mechanical Properties of
Industrial Materials," page 6)

Typical shapes of beams and their bending moments M and
section moduli Z are shown in Tables 1 and 2.

Table 1. Typical Equations to Obtain Bending Moment

Shape of Beam Bending Moment M
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Table 2. Typical Equations to Obtain Section Modulus

Cross Section Section Modulus Z
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