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measurement, on an application. Strain gages are used to precisely measure strain directly in a system. This
method is carried out to verify the numerical and analytical calculations performed or to record the strain
data generated during the active duty of a system and to investigate the fatigue damage. In particular,
verifying numerical calculations in the strength-material recovery optimizations of mass-produced systems
contributes to the development of the system. In this study, strain measurement using strain gage and strain
measurement technology is presented on an application. Information was given about strain gages. A full
bridge wheatstone bridge consisting of 4 linear gages was created on a prototype. The system was tested
with a load cell validation. Structural finite element analysis of the prototype and analytical calculation of
the fullbridge strain gage connection were performed. The results showed that the measurement with the

strain gauge differed 1.20% and 1.40% from the analytical and numerical results, respectively. Thus,
precision strain measurement technology was successfully presented in engineering systems.
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Introduction

Strain gages are used to measure the strain on an object
with high measurement accuracy and small dimensions.
Strain gages were invented by Edward E. Simmons and
Arthur C. Ruge in 1938 [1]. They are used successfully in
airplanes, especially in wing and landing gear, in heavy
equipments, especially in chassis and gears, bridges,
cranes, ships, automobiles, constructions etc. where stress
measurement is important. Strain gages are electrical
sensors. When a displacement occurs on the strain gauge,
there is a change in its electrical resistance and with this
change the amount of strain is measured. Stress value is
obtained by associating this strain value with material
properties. Today, there are gages developed for different
materials and different applications. The use of strain
measurement has increased in obtaining more durable
lighter structures, in verifying the theoretical strength
models of objects with complex geometry, in examining
products in field tests and in revealing safety conditions.
Strain measurement with strain gauges is carried out with
special amplifiers (data acquisition system). This
measurement requires many interrelated components and
application expertise, from the selection and positioning of

the strain gages to the visualization of the measurement
with software.

There are special strain gauges that are welded and screwed
to the surface, which are used for long-term stress
measurement, but the common one is to stick the strain
gauges to the surface to be measured strain. Strain gauges
are commercially available in linear, 0/45/90, 0/60/120, T
(0/90), shear format. Stress measurement in special
systems can be done easily by using these traditional
models together. There are many types and sizes of gauges
and strain gauges are selected from the catalogues for
application. The data acquisition system is selected
depending on how many gauges will be collected
simultaneously. Special software is also used to display
and save strain data from the data acquisition system [2].
Connections of the strain gauges and measurement
calculations are also a specialty. Strain measurement
configurations are quarter, half and full bridges.

There are some studies where strain gauges are used for
experimental stress measurement. Celik et al. [3] designed
a crane that could be mounted on a tractor. After producing
this crane, they attached strain gages to certain locations.
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They measured the strain at these locations with the HBM
840A using a 0/45/90 degree rosette and determined that
numerical calculations and strain gauge measurements
were compatible. Lisle et al. [4] measured the tension in
the teeth of internal gears using a strain gauge with a
wheatstone bridge connection and compared them with the
numerical results. In Whetstone bridge, compensation was
performed to eliminate the temperature effects. This
demonstrated that the stress measurement was performed
accurately on complex surfaces such as gears [5].
Moustabchir et al. [6] developed and validated an
experimental technique using strain gauges for the
determination of strain distribution in pressurized
cylindrical tanks. It has been determined that the
verification of numerical calculations with strain gauge
measurements will reduce the need for experimentation.
Yirdem et al. [7] performed a stress analysis on a plow
using a strain gauge. In their study, they used linear gagues
and analyzed the system by converting stress
measurements in different axes to von Mises stress. They
found that the obtained results were compatible with the
numerical solutions [8]. Ma et al. [9] measured stress with
astrain gauge in a bridge maintenance and test vehicle. The
tension in the system was recorded at the time of operation
by sticking the gage at a distance of 20 mm from the
welded area. Using this stress data, the fatigue calculation
of the system was also performed. Patil et al. [10]carried
out the experimental testing and analysis of the helical gear
using thegear dynamic stress test rig. Stress measurements
were performed on the gears with a strain gauge.
Experimental analysis was validated by finite element
contact analysis. Gao et al. [11] successfully measured the
stress on the pipe surface with a strain gauge in the bending
test of a pressure pipe. Lisle et al. [12] measured the stress
at the root of the tooth using a strain gauge. They used these
measurement results to validate numerical and analytical
solutions. They placed rosettes at three different locations
and measured for different gear calculation methods. They
found that the numerical and analytical results were
consistent with the strain gauge results. They found that
validation of numerical calculations was an effective
scientific method to reduce experimental requirements for
gears in the future. Almeida et al. [13] developed strain
gauge-based ring sensors to measure the dynamic forces
coming into the system in wind tunnel testing. They created
a full bridge wheatstone bridge circuit in these rings. Thus,
they improved the aerodynamic structure by precisely
measuring the stress in the system. Yunjiang Lou et al. [14]
performed strain gauge measurement and topology
optimization studies in their study. Wheatstone bridge was
used in the measurement. In 1843, British physicist Sir
Charles Wheatstone invented a bridge circuit to measure
electrical resistances. In this bridge circuit, known as the
Wheatstone bridge circuit, unknown resistors are
compared with well-defined resistors. The Wheatstone
bridge is well suited for measuring small changes in a

resistor and is therefore used to measure the change in
resistance in a strain gauge (SG) [1][15]. Studies with
detailed presentations on strain measurement with strain
gauge are limited. This study aimed to eliminate these
deficiencies both scientifically and industrially.

The aim of this study is to present the whole measurement
process with strain gauge, to create a full-bridge
wheatstone bridge on an application, to perform the stress
measurement in the system experimentally, and to
demonstrate the applicability of this method in scientific
and industrial studies with today's technology.
Measurements were made with strain gauges in a circular
hollow steel body. Measurement values were compared
with numerical and analytical calculations.

Strain Gages Technology

The gauges consist of carrier material (a), measuring grid
(b) and connections (c) (Fig. 1). The strain value is
calculated by precise measurement of the strain-related
resistance change in the measuring section. The
deformation is AL: Lo-L1, The strain is (€) = AL / Lo. The
stress (o) calculation can be made in linear elastic materials
by the strain value and the elastic modulus of the material.
Hooke's law in linear materials is calculated with the
formula ¢ = E.€. Stress can be measured bu using strain
gages for ductile and brittle materials up to the limit of
elasticity specified in the typical tensile tests seen in Fig. 2.
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Figure 1. Linear strain gauge.

Strain gauges are electrical sensors. The change in
resistance in strain gauges is precisely measured with a
wheatstone bridge. Depending on the measurement
requirement and precision, one or more strain gauges are
used at the measuring point. Quarter bridge using 1 linear
gage, half bridge using 2 linear gages, and wheatstone
bridge using 4 linear gages are called full bridges. In fact,
the circuit used for measurement is always complete. There
are four resistors in the system. Non-variable resistors are
complemented by fixed resistors. Quarter bridge, half
bridge and full bridge configurations are shown in Fig. 3.
For example, there are special sockets with developed
electronics for quarter-bridge measurement. The
connections of these sockets are made according to the data
sheet of the brand (Fig. 4).
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Figure 2. Steel stress-strain a) Characteristic of a brittle material b) Characteristic of a ductile material.

Figure 3. Wheatstone bridge circuits a) quarter bridge, b) half bridge, c) full bridge.

SG 120/ 350

Figure 4. Example of a quarter bridge measuring adapter.

In this study, Full bridge configuration is discussed. Data
acquisition system connection diagram of full bridge
wheatstone bridge is shown in Fig. 5. In order to avoid
confusion, the amplifier connection was made using a
special colored signal cable. When a force is applied to a
system to which strain gauges are attached, the change in
resistance values on all 4 gages can be precisely measured
with this system. In this connection consisting of 4 gages,
gages 1 and 3 are positioned in the direction of force, and
gages 2 and 4 are positioned at an angle of 90 degrees to
the force direction. Strain in the wheatstone bridge seen in
Fig. 5 is calculated with equations 1, 2 and 3. In equation

2, €= e1xv because the gage number 2 is 90 degrees
perpendicular to the force direction. v poisson's ratio is 0.3.

ey Measurement signal (+)
bk Excitation (-)
bu Excitation (+)
i Measurement signal (-)
e Cable shield
= Sense lead (+)
L/ Sense lead (-)

Figure 5. Wheatstone bridge data acquisition system
connection diagram.
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Experimental study

In this study, a circular part was modeled with CATIA for
measurement with a wheatstone bridge. This steel piece
with an outer diameter of 100 mm and an inner diameter of
80 mm and a height of 80 mm was produced. A full bridge
wheatstone bridge was designed using 4 linear gages
(Figure 6). Gages 1 and 3 were marked in such a way that
the gages 2 and 4 were 90 angled in the direction of force
and the gages were precisely positioned.

Gages 1 and 2 are shown in the Fig. 6. Gages 3 and 4 are
located at the back symmetrically. The cable connection of
the system is presented in Fig. 5. For the steel material,
linear gage HBM-LY61-6/350A, (Universal SG for stress
analysis) strain gauge series Y was selected. The
characteristics of this linear gage are: k: 2.01 (The k Factor
is the strain sensitivity of a strain gauge, k is the
proportionality factor between the relative change in
resistance AR/RO and the strain to be measured with €). The
transverse sensitivity rate of this gage is 0.3%. (The
transverse sensitivity is the ratio of the sensitivity of a
strain gauge transverse to the measuring grid direction to
its sensitivity in the measuring grid direction). Measuring
grid material of gage is constantan, carrier foil: polyimide.
Temperature response: ferrite steel (10.8 ppm/K), Nominal
resistance: 350 ohms, measuring grid length: 6 mm. HBM
-3133.0034 PVC-insulated ribbon cable was used for the
amplifier connection with the Wheatstone bridge. This
special cable consists of 6 leads, cross section per lead:
0.14 mm?, resistance: 0.131 Ohm/m, thermal resistance of
the cable is -10°C to +70°C. Solder terminal was used for
internal connection of strain gauge wheatstone bridge. The
surfaces to be bonded to the gage were created with 100
and 330 grid sandpapers, respectively, with a roughness of
approximately 6 pm. The surface was cleaned with
pomades and necessary tools. The gage was moved to the
desired position with a special tape. The gages were fixed
with HBM Z70 adhesive. In this bonding process, pressure
was applied on the gage with a finger for about 2 minutes.
Teflon film layer was used to prevent the finger from
sticking. Whether the gages adhered to the surface properly
or not was tested with a special conveyor belt. Resistance
was measured with an multimeter on the gage. Thus, it was

checked whether there was any damage to the gages or an
unexpected resistance value. The connections of the gages
were made in accordance with the scheme and cable colors
indicated in Fig. 4. It was prepared for measurement with
a sufficient length of 1-3133.0034 HBM brand cable socket
connection (Fig. 6) and connected to the Quantum HBM
MX840B data collection device. A compression load cell
with equal HSC-V 60t model calibration was used to
instantly measure the force applied to this Annular
application piece. This load cell is connected to the HBM
quantum MX840B device with the E-MDL-DAC ECI
analog board. With the CatmanEasy software compatible
with the HBM MX840B data acquisition system, both the
wheatstone bridge strain value and the force were
simultaneously measured and recorded. The application
ring and gage positions are shown in Fig 6.

Figure 6. Wheatstone bridge implementation piece.

A load was applied to the application piece with a 30-ton
compression device and an ALSA brand 30t compression
tester at a compression speed of Imm/min (Fig. 7). The
load value and instantaneous stress value were recorded.
Similar to Fig. 8, variable loading was applied to the piece,
on which wheatstone bridge was applied, with the
INSTRON 8501 device with a load capacity of 50 kN, and
the stress and force values were recorded.
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Figure 8. Force-strain measurement under variable loading.

Results and discussion

In this study, the details of the experimental stress analysis
performed with a full wheatstone bridge created with strain
gages are presented. Experiments of this application were
carried out successfully. Half-bridge and quarter-bridge
circuits are frequently used due to their ease of connection
and less gage requirement [16]. However, a full-bridge
circuit is the most suitable configuration for strain gauges.
It provides the highest sensitivity and the least error

component, and since the full bridge produces the highest
output, it is least affected by electrical noise [17]. For these
reasons, a full bridge should be used whenever possible.
The resistance of the gauges adhered to the system was
measured with an multimeter and their suitability for strain
measurement was determined. Cable checks were carried
out. As a result of the experiments carried out in the
laboratory, force-time (Fig. 9) force-strain graphs were
obtained for 30 tons of loading (Fig. 10). These graphs are
simultaneous.
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Figure 9. Force- time graph.
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Figure 10. Wheatstone bridge Stress- time graph.

Stress measurement was carried out stepwise by keeping
the application piece with Wheatstone bridge connection
by increasing 5-50 kN and 5 kN increments for certain
periods of time. Strain and stress values of this
measurement are shown in Fig. 11-12. A strain of 22.95
MPa was measured for 50 kN. The stress measurement
steps shown in Fig. 12 show the continuity and stability of

the stress measurement [18]. These two graphs are created
simultaneously. In the finite element analysis solution
performed for the application part for a load of 50 kN, the
strain at the strain gauge position was obtained as 22.624
MPa (Fig. 13) [2]. This numerical result is very close to the
measured stress value. Stress values measured with
numerical results are 98.6% compatible.
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Figure 23. Finite element stress analysis of the application part.
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The fatigue behavior of the systems is calculated by
recording the experimental stress measurements under
variable loadings. Optimization processes are carried out
successfully with these data in aircraft, automobiles,
defense industry vehicles and generally construction
machines, which are planned to be mass-produced today

R

[4]1[19]]20][21][22]. In this study, strain and stress data
created by variable loadings on the application part were
precisely measured and recorded. In the loading simulation
seen in Fig. 14, the stress-time graph seen in Fig. 15 was
obtained simultaneously.
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Figure 15. Stress-time graph.

In this study, stress measurement was successfully
performed with a wheatstone bridge configuration created
with linear gages [23]. Linear gauges have the ability to
measure in a single axis. If they are not attached to the force
axis on the object, an incorrect measurement is made. If the
force axis on an object changes during the operation of the
system, then the measurement is made with gages placed
at specific angles. It can be preferred in a special rosette

where linear gages are brought together [7]. 0/45/90 degree
rosette is seen in Fig. 16a. For the data acquisition system
connection, 3 quarter bridge wheatstone bridges are
required. . This means using the three channels of the data
acquisition system. Different size gages can be preferred
depending on the application (Fig. 16b). Multi-axis
measuring systems can also be created using existing
gauges, as shown in Fig. 16c. Strain gage stress
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measurement technology is an effective and efficient
method to verify numerical and theoretical solutions and to

detect the real stresses directly on the systems during
operation [24][25].

Figure 16. Strain gauge types and applications a) 0/45/90 rosette b) 1.5 mm grid linear gage c) 6 axis strain measurement

application.

Conclusion

In this study, strain measurement with strain gauge was
demonstrated in detail and successfully with an application
analytical and numerical results were determined 1.20%
and 1.40% differed with experimental measurement
results, respectively. The full bridge circuit is the optimal
configuration for strain gages. It provides the highest
precision and measurement with the fewest error
components and is less affected by electrical noise. Four
active strain gauges, two of them rotated by 90°. The
overall effect of the material on the basic strain
measurement is compensated due to the poisson's ratio for
the full bridge configuration. Normal strain is measured
independently of bending strain (bending is excluded),
Temperature effects are well compensated, High output
signal and excellent common mode rejection.

The most important conclusions drawn from this study can
be briefly presented for the use of strain gauge technology
as follows:

e The type of material to be measured, its
dimensions and the ambient temperature are
important in the selection of strain gauges.

e  The surface must be cleaned with chemicals and
an electrostatic structure must be created.

e Measurements can be made in the elastic region
of the material by strain gauges.

e Strain can be measured economically and
efficiently with 0.05% sensitivity in a short time
with the help of strain strain gauges.

e Universal data acquisition system (amplifier) can
measure both strain gauges and other sensor data
(0-10V, 4-20 mA) simultaneously.

e  Quarter, half, full bridge configurations should be
preferred according to measurement accuracy and
application.

e Especially in measuring the strength of prototypes
of mass-produced products with strain gauge
measurements, it is highly beneficial for systems
to be lighter and more durable.

e Continuous measurement can be performed with
strain gauge data collection devices for the early
detection of damage and accidents in the case of
systems operating on ships, airplanes and bridges.

e Strain gauges provide low cost and high
efficiency especially in prototype development
studies, verification of computer aided finite
element solutions, monitoring of the strength of
constructions, optimization studies.
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