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In measuring the magnitude of mechanical quantities such as force, 
torque, load and pressure, there are numerous sensors available, 
each of which presents its own set of benefits and drawbacks 

arising from the sensor’s physical and electrical properties. Two of 
the most common forms of physical measurement are piezoelectric-
based sensors and strain gauge-based sensors. This article aims to 
outline these two popular forms of physical measurement, as well 
as assess their comparative and disparate qualities and where each 
device is most suitably used.

The importance of measuring mechanical quantities has grown 
over the past few decades as ever more processes begin to rely on 
the output produced by physical measurement sensors. For exam-
ple, force sensors are used to detect the magnitude of impact forces 
in automotive assembly plants. Products sold by weight must be 
weighed by trade-approved load cells. Torque transducers are used 
to measure the efficiency of electric motors, pumps, and turbines as 
ever-increasing significance is placed on fuel consumption, greater 
reliability and operational safety [1]. The measurement of mechanical 
quantities in separate engineering applications is also very application 
specific, so it is important to carefully select the most appropriate 
method. This selection will often dictate the requirements of other 
areas of a measurement system, such as signal conditioning and 
data acquisition.

As the requirements for measuring mechanical quantities in 
engineering applications are often dictated by physical constraints, 
environmental conditions and the length of time necessary to obtain 
a measurement, it is important to select the most appropriate type of 
sensor as both strain gauge and piezoelectric sensors feature relative 
benefits and drawbacks. The selection of an appropriate sensor will 
also impact on other areas of the measurement chain, such as the 
amplifier, signal conditioning equipment and data capturing methods.

Strain gauge-based sensors utilise strain gauges that are indi-
vidually bonded to the body of the measuring device and arranged 
so as to make up a Wheatstone bridge circuit. As force is applied to 
the body of the measuring device, the strain gauges undergo elastic 
deformation, altering the magnitude of electrical resistance of the 
gauge and bridge circuit. This deformation and resulting change in 
resistance generates an electrical output signal that is proportional 
to the excitation voltage applied to the bridge and to the amount of 
force applied to the measuring body.

 

Figure 1: Strain gauge transducer with bridge circuit.

By contrast, piezoelectric sensors make use of the piezoelectric ef-
fect to produce a measurement. As asymmetrical, elastic crystals are 
placed under compressive load, they generate an electrical charge that 
is directly proportional to the force applied. Examples of piezoelectric 
materials are quartz, ammonium dihydrogen phosphate (ADP), lithium 
sulphate, barium titanate, and lead zirconate titanate (PZT) [2].

 

Figure 2: Piezoelectric sensor principle.

Both technologies complement each other, as the limitations imposed 
by strain gauge measurement are surmounted by piezoelectric sen-
sors, and vice-versa. Strain gauge sensors are renowned for their 
higher linearity and stability in long-term measurements. It is highly 
unusual to find piezoelectric load cells in weighing applications where 
measurements are made constantly over time, such as weighbridges 
and silo weighing systems. Piezoelectric transducers are ideal ap-
plications where space is constrained, or where it is necessary to 
measure an instantaneous change in the mechanical quantity as their 
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higher natural frequency response makes them ideal for dynamic 
measurements.

When using strain gauge sensors, it is important to consider issues 
of rigidity and the measurement environment. As strain gauges are 
bonded to the measuring body with adhesives, which are non-elastic, 
they are subject to the effects of hysteresis and creep. It is also widely 
understood that resistance is a function of temperature and as such 
will affect the magnitude of resistance; temperature compensation 
is employed to minimise these effects.

With piezoelectric sensors, the quartz essentially forms the me-
chatronic component with an electrical signal output, and exhibits 
virtually no displacement during measurement. The sensitivity of the 
piezoelectric sensor is not affected by the quantity or size of quartz, 
but rather on the type of piezoelectric material and its geometry. This 
allows piezoelectric sensors to be built as miniature devices that are 
ideal for applications where space is limited.

The elastic deformation of strain gauge sensors comply with 
Hooke’s Law, which states that the force needed to extend or compress 
an elastic material by a given distance is proportional to that distance. 
The deformation provides the change in resistance of the strain gauge. 
This relationship can be represented by the following correlation:

F = E • A • ∈
∈ϵ = measuring body strain
E = measuring body modulus of elasticity
A = measuring body cross-section
F = mechanical or loading force

∆R/R = k • ∈
∆R = change in resistance under load
R = resistance when not under load
k = k (gauge) factor of the strain gauge

When comparing piezoelectric and strain gauge sensor technol-
ogy, it becomes clear that both produce different levels of electrical 
sensitivity:

Case 1:
Piezo sensor 5 kN => characteristic -4,3 pC/N
SG sensor 5 kN => characteristic 2 mV/V => 0,4 μV/N

Case 2:
Piezo sensor 140 kN => characteristic -4,3 pC/N
SG sensor 140 kN => characteristic 2 mV/V => 0,014 μV/N
From these case examples, one can see that piezoelectric materials are 
limited to producing a set charge per quantity of quartz; strain gauges, 
however, may be adjusted according to the sensitivity required of the 
full scale output. Piezoelectric sensors hold the advantage of imple-
menting an additional measuring range without a loss of accuracy 
or resolution. Strain gauge technology is regarded as a more stable, 
linear form of measurement, as piezoelectric devices are vulnerable 
to charge leakage and often exhibit a drift of roughly 1 N/min (ie 4,3 
pC leakage per minute). This creates issues for applications using 
piezoelectric sensors to measure periods longer than a few minutes. 
For example, a measuring range of 50 kN with 215000 pC with a charge 
signal of 4,3 pC/N and a drift requirement of <0,05 %, the maximum 
measurement time is about 25 minutes [3].

Technology Strain Gauge Piezoelectric

Sensitivity 0,003 mV/μϵ 480 pC/μϵ

Discrimination threshold 0,01 μϵ 1 000 000 000

Measuring range/dis-
crimination threshold

1 000 000 < 4320 pC in 48 h

Drift < 0,2 μV/V in 48 h

Volume 100 %

Principle of measure-
ment

Absolute relative

Linearity 0,05 %

Connection min 4-wire 2-wire

Table 1: Differences between piezoelectric and strain gauge sensor tech-
nologies, illustrated by typical values.

Sensors can be broadly classified according to two categories: self-
excited, which refers to sensors that produce an internal voltage or 
charge, and externally excited sensors, which require an external 
source of excitation to produce an output. Strain gauge bridge 
circuits require external excitation in order to produce an electrical 
signal proportional to the force exerted on the gauge itself. As the 
quality of the excitation directly affects the output signal, it is impor-
tant to consider the source of excitation in the overall design of a 
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measurement system. The strain gauge bridge circuit will produce 
a nominal millivolt output per each volt of excitation. A strain gauge 
circuit that is not under duress will produce no output as there is no 
change in resistance (ie the resistance of each gauge is equal). As 
the strain gauges deform under force and their resistances change 
in proportion to the force exerted, the millivolt output will indicate 
this change in resistance.

Piezoelectric devices are self-excited sensors and commonly use a 
charge amplifier to convert the charge generated by the quartz crystal 
into a proportional voltage. 

A feedback capacitor helps to determine the range of a charge 
amplifier in relation to its conversion factor, and the output is ad-
justed to mechanical units through the use of additional operational 
amplifiers with variable gain. As the capacitance of a long cable can 
adversely affect the measurement characteristics of the piezo sensor, 
they are often amplifier directly at the sensor [2].

Conclusion

Both strain gauge and piezoelectric sensors have their place in the 
measurement of mechanical quantities. As application requirements 
vary greatly, both technologies offer alternative methods of acquir-
ing measurement. 

The size and dynamic response limitations of strain gauge sen-
sors are overcome by piezoelectric devices, while strain gauge sen-
sors offer stability and linearity unsurpassed by their piezoelectric 
equivalents. Both strain gauge and piezoelectric sensors complement 
each other in their attributes; where the one technology is limited, 
the other presents a solution. 
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